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High fidelity double strand break repair is paramount for the maintenance of 
genome integrity and faithful passage of genetic information to the following generation. 
Homologous recombination (HR) and non-homologous end joining (C-NHEJ) have 
evolved as the two major pathways for the efficient and accurate repair of double strand 
breaks (DSBs). In addition, a minor Ku- and Ligase IV-independent end-joining pathway 
has been identified and implicated in the formation of chromosomal translocations. This 
alternative end-joining pathway occurs by bridging the break ends through annealing 
between short microhomologies, hence the name microhomology-mediated end joining 
(MMEJ). In addition to these defined DSB repair pathways, a broken DNA end 
possesses immense mutagenic potential to generate chromosomal rearrangements. 
Diverse and complex rearrangements are a commonly observed feature amongst 
cancer cells. The focus of this thesis is to examine the role of Replication Protein A 
(RPA) in binding single-stranded DNA (ssDNA) repair intermediates to promote error 
free repair and to prevent mutagenic chromosomal deletions and rearrangements.  
 RPA is a highly conserved, heterotrimeric ssDNA binding protein with a 
ubiquitous role in all DNA transactions involving ssDNA intermediates. RPA promotes 
resection at DSBs to facilitate HR and abrogation of this function has severe 
consequences. Defective RPA can lead to the formation of secondary structures and 
impair loading of homology search proteins such as Rad52 and Rad51. Using a 
chromosomal end-joining assay, we demonstrate that hypomorphic rfa1 mutants exhibit
	  
elevated frequencies of MMEJ by up to 350-fold. Biochemical characterization of RPAt33 
and RPAt48 complexes show these mutants are compromised for their ability to prevent 
spontaneous annealing and the removal of secondary structures to fully extend ssDNA. 
These results demonstrate that annealing between MHs defines a critical control to 
regulate MMEJ repair. Therefore, RPA bound to ssDNA intermediates shields 
complementary sequences from annealing to promote error-free HR and prevents repair 
by mutagenic MMEJ, thereby preserving genomic integrity.  
RPA also impedes intrastrand annealing between short inverted repeat 
sequences to prevent the formation of foldback structures. Foldbacks have been 
proposed to drive palindromic gene amplification, a genome destabilizing 
rearrangement that can disrupt the protein expression equilibrium and is a prevalent 
phenomenon within tumor cells.  Palindromic duplications are elevated ~1000-fold in 
rfa1-t33 sae2Δ and rfa1-t33 mre11-H125N mutants compared to sae2Δ or mre11-
H125N, yet we did not detect these events in the hypomorphic rfa1-t33 mutant. This 
suggests that Mre11 and Sae2 play critical roles in preventing palindromic amplification 
through regulation of the Mre11 structure-specific endonuclease to process DNA 
foldbacks (also called DNA hairpins). Therefore, Mre11-Sae2 together with RPA prevent 
palindromic gene amplification. Together, these data focus the spotlight on RPA playing 
active central and supporting roles to sustain genome stability. This additionally raises 
that notion that secondary structures are potent instigators and mediators of many 
genome rearrangements and their prevention by RPA is absolutely crucial.
	   i	  
Table of Contents 
List of Figures…………………………………………………………………………………...iv 
List of Tables…………………………………………………………………………………….vi 
Acknowledgements1 ............................................................................................. ……..vii 
 Chapter 1: Introduction ............................................................................................... 1 
1.1 Double strand break formation and repair ............................................................ 2 
1.2 Mechanisms of homologous recombination (HR) ................................................. 4 
1.2.1 DNA end resection initiates homologous recombination ................................ 4 
1.2.2 Extensive resection players: Exo1 and Sgs1-Dna2 ...................................... 14 
1.2.3 Homology search, strand invasion and resolution ........................................ 16 
1.3 Mechanisms of non-homologous end joining (NHEJ) ........................................ 19 
1.4 Microhomology-mediated end joining (MMEJ) ................................................... 20 
1.4.1 Resection is required for MMEJ .................................................................... 21 
1.4.2 Polymerases fill in the gap ............................................................................ 22 
1.4.3 MMEJ is Ligase IV-independent ................................................................... 23 
1.4.4 Annealing during MMEJ ................................................................................ 23 
1.5 Replication protein A (RPA) functions in multiple repair pathways ..................... 24 
1.5.1 RPA structure and function ........................................................................... 24 
1.5.2 RPA in homology-directed repair .................................................................. 27 
1.5.3 Genome stability is guarded by RPA ............................................................ 28 
1.6 DNA palindromes ............................................................................................... 29 
1.6.1 Large DNA palindromes are gene amplifications observed in cancer .......... 29 
1.6.2 Mechanisms of palindromic duplication ........................................................ 30 
1.6.3 Short inverted repeats are important for Tetrahymena development ........... 32 
1.6.4 Inverted repeats lead to palindromic gene amplification in yeast ................. 33 
1.7 RPA: causes and consequences of DNA secondary structures ......................... 34 
2 Chapter 2: Materials and Methods ............................................................................ 36 
2.1 Media, growth conditions and genetic methods ................................................. 37 
2.2 Yeast strains used .............................................................................................. 38 
	   ii	  
2.3 Chromosomal MMEJ assay ................................................................................ 40 
2.4 Plasmid end-joining assay .................................................................................. 41 
2.5 Mating-type switching and end-resection assays ............................................... 42 
2.6 Western blot analysis of Rfa1 ............................................................................. 42 
2.7 Purification of wild type and mutant RPA ........................................................... 43 
2.8 Strand annealing assays .................................................................................... 44 
2.9 Flow cells and DNA curtains ............................................................................... 45 
2.10 GCR assays and PCR mapping ......................................................................... 46 
2.11 PFGE and yCGH ................................................................................................ 46 
2.12 Bisulfite sequencing ............................................................................................ 47 
3 Chapter 3: Results .................................................................................................... 48 
3.1 Chromosomal end joining system ...................................................................... 49 
3.2 Resection initiation prevents NHEJ repair of DSBs ............................................ 54 
3.3 Examining MMEJ using a plasmid end joining system – roles for Sae2 and Ku 55 
3.4 Extensive resection is not required for proximal MMEJ ...................................... 57 
3.5 RPA suppresses MMEJ ...................................................................................... 58 
3.6 RPA mutant complexes are defective for DNA binding in vitro .......................... 64 
3.7 HR competes with MMEJ repair ......................................................................... 68 
3.8 RPA antagonizes microhomology-mediated end joining .................................... 69 
4 Chapter 4: Results .................................................................................................... 71 
4.1 System to examine the accumulation of gross chromosomal rearrangements .. 72 
4.2 rfa1-t33 sae2Δ synergistically increase the GCR rate ........................................ 73 
4.3 GCRs recovered from sae2Δ derivatives have an expanded Ch V .................... 75 
4.4 Rearrangements in sae2Δ mutants are inverted duplication of Ch V ................. 77 
4.5 Inversion duplications require a secondary invasion to stabilize the chromosome
 …………………………………………………………………………………………..79 
4.6 Inversion duplications are mediated by short inverted repeats .......................... 80 
4.7 Single colony GCR clones may contain more than one rearrangement ............. 81 
4.8 Higher order amplifications observed in sae2Δ rfa1-t33 GCRs .......................... 82 
4.9 Inversion duplications are the primary class of GCRs recovered from mre11-
H125N derivatives ...................................................................................................... 83 
	   iii	  
4.10 Foldback model for palindromic gene duplication .............................................. 85 
5 Chapter 5: Discussion ............................................................................................... 87 
5.1 Mechanisms of microhomology-mediated end joining ........................................ 88 
5.2 Resection exposes microhomologies ................................................................. 90 
5.3 Is Rad52 important or dispensable for MMEJ? .................................................. 93 
5.4 Flap processing during MMEJ ............................................................................ 94 
5.5 Mechanisms to safeguard against MMEJ ........................................................... 94 
5.6 Translocations mediated by C-NHEJ versus alt-EJ/MMEJ ................................ 98 
5.7 Circumstances that may influence repair by MMEJ ........................................... 98 
5.8 Kinetics of MMEJ .............................................................................................. 100 
5.9 Do foldback structures form in our MMEJ system? .......................................... 102 
5.10 Some rfa1mut are synthetic lethal in combination with sae2Δ ........................... 102 
5.11 Foldback structures accumulate when RPA is dysfunctional ........................... 103 
5.12 Palindromic duplications can be stabilized by acquisition of a telomere .......... 105 
5.13 Ty elements mediate diverse rearrangements ................................................. 107 
5.14 Palindromic duplications without telomeres are dynamic ................................. 108 
5.15 Short inverted repeats mediate palindromic duplications ................................. 109 
5.16 Nucleases that cleave hairpin capped ends ..................................................... 110 
5.17 CtIP mouse models and cell lines .................................................................... 112 
5.18 tRNAs mediate rearrangements ....................................................................... 112 
5.19 Gene amplification and aneuploidy .................................................................. 113 
5.20 Pathological RPA .............................................................................................. 114 
5.21 Concluding remarks .......................................................................................... 115 









	   iv	  
List of Figures  
 
Figure 1-1 Double strand break repair pathways .......................................................... 3 
Figure 1-2 Bidirectional resection model ...................................................................... 5 
Figure 1-3 Various homology-directed repair pathways ............................................. 17 
Figure 1-4 Repair outcomes for various DSB repair pathways ................................... 24 
Figure 1-5 Schematic of RPA complex and location of hypomorphic mutations……..
 …………………………………………………………………………………………..25 
Figure 1-6 Two mechanisms for the generation of a palindromic chromosome ......... 32 
Figure 3-1 Schematic representation of the chromosomal end-joining assay ............ 50 
Figure 3-2 I-SceI cut site and repair sequences ......................................................... 51 
Figure 3-3 MMEJ is Ku70 and Dnl4-independent ....................................................... 53 
Figure 3-4 Role of resection in end joining ................................................................. 54 
Figure 3-5 MMEJ is Ku-independent and partially Sae2 dependent .......................... 56 
Figure 3-6 Extensive resection is not required when MHs are close to the break 
site…… ....................................................................................................................... 57 
Figure 3-7 Annealing between MHs is prevented by RPA .......................................... 59 
Figure 3-8 End resection and strand invasion in the rfa1 mutants ............................. 61 
Figure 3-9 Resection is limited when the barrier to annealing is lifted ........................ 63 
Figure 3-10 rfa1-D228Y is proficient for mating type switching .................................. 64 
Figure 3-11 RPA mutants are defective for ssDNA binding ........................................ 65 
Figure 3-12 RPA mutants are defective for removing secondary structure ................ 67 
Figure 3-13 HR and MMEJ are competing mechanisms ............................................ 69 
Figure 3-14 Regulation of repair pathway choice by Sae2 and RPA .......................... 70 
Figure 4-1 Schematic of GCR assay system with potential rearrangements ............. 73 
Figure 4-2 Synergistic increase in gross chromosomal rearrangments ...................... 74 
Figure 4-3 PFGE reveals expanded chromosome V after GCR from sae2Δ derivatives
 …………………………………………………………………………………………..75 
Figure 4-4 Schematic of PCR assay used to characterize GCRs .............................. 76 
Figure 4-5 Inversion duplications are recovered in sae2Δ derivatives after 
chromosomal rearrangment ........................................................................................ 78 
	   v	  
Figure 4-6 CGH reveals extensive inversion duplications identified in sae2Δ 
derivatives after chromosomal rearrangement ........................................................... 79 
Figure 4-7 Multiple rearrangements observed within single GCR isolate ................... 82 
Figure 4-8 Inversion duplications recovered from mre11-H125N derivatives ............. 84 
Figure 4-9 Model for palindromic gene duplication ..................................................... 86 























	   vi	  
List of Tables 
 
Table 2-1   W303 yeast strains ................................................................................... 38 
Table 2-2   S288C yeast strains ................................................................................. 40 
Table 3-1   Frequency of end joining in WT and mutant strains ................................. 52 
Table 3-2A Major microhomologies used ................................................................... 55 
Table 3-2B Alternative microhomologies used ........................................................... 55 
Table 4-1   Spectrum of GCR events .......................................................................... 74 
















	   vii	  
Acknowledgements 
 
I would first like to acknowledge my thesis advisor Dr. Lorraine S Symington. These 
words only scratch the surface of my immense gratitude for her continuous patience, 
support, willingness to train and leadership. Working under her tutelage has been an 
amazing opportunity. She inspires me to aim high. Her enthusiasm for every experiment 
and discussion, great and small, is contagious. She possesses incredible knowledge 
and deeply thoughtful insight. She is a science wizard, a scientist of the highest class. 
She is never proud or arrogant; she finds value in anyone and makes everyone around 
her better. I am forever grateful for her kindness, encouragement and inspiration 
throughout my graduate studies. 
 
I am also grateful to-- 
 
My thesis committee: Drs. Max Gottesman, Rodney Rothstein, and Uttiya Basu. Thank 
you for your relentless support and encouragement through the years. Each of you have 
challenged and inspired me in different ways to become a better and stronger scientist. 
Dr. Alberto Ciccia, thank you for serving as the external examiner and for generously 
providing suggestions. 
 
My collaborators, Drs. Eric Greene, Bryan Gibb, Tom Petes and Yi Yin, for their 
valuable contributions to these stories; this would not be possible without their expertise, 
advice and assistance. 
 
Drs. Fred Chang and Uttiya Basu for their mentorship during my rotation. 
 
The past and present members of the Symington Lab: Amr Al-Zain, Huan Chen, 
Roberto Donnianni, Eleanor Glancy, Ron Ho, Alicia Lam, Gerard Mazon, Eleni Mimitou, 
Julyun Oh, Sehyun Oh, Patrick Ruff, Anamarija Stafa and Tai-Yuan Yu for insightful 
discussions and making this place a truly fantastic place to work. They say you are only 
as good as your peers and I am fortunate to be surrounded by amazing people. 
 
Gerard Mazon, for his uplifting words, leadership and guidance during my early pivotal 
years.  
 
Roberto Donnianni, for challenging me to think “outside the box” as a scientist and to be 
fearless as a person, for the fun times, and even our disagreements, which were highly 
educational for me.  
 
Huan Chen, for being my lab sister. I’m fortunate to be challenged by such an intelligent, 
encouraging and wonderful fellow PhD student.  
 
Eleni Mimitou, for being a fantastic rotation mentor. She taught me how to design proper 
experimental controls and has served as a great inspiration from the very beginning. 
 
	   viii	  
Leonid Timashev, Mariana Justino de Almeida and Barbara Stokes: assisting you in the 
lab was highly educational for me. 
 
The members of the Rothstein, Ghosh, Dworkin and Carlson labs for generously 
sharing space, reagents, equipment, advice and laughs. 
 
My PhD friends: Tulsi Patel, Olya Yarchychivska, Matthew Borok, Fabio Amaral, Ben 
Fulton, Sedef Onal, Andrew Lee. You all inspire me and your friendship has been 
invaluable. It has been my privilege to share this journey with you.  
 
The Collapsed Fork, Angelo Pefanis, Łucja Grajkowska and Nilushi De Silva: for their 
interest in my project/progress and their perpetual support/encouragement. I will 
treasure our dinners where we talk one another down off the ledge, laugh uncontrollably, 
drink wine and are shushed by adjacent tables for our loud, heated debates about 
science and otherwise. It was an honor to share this PhD Odyssey with you. 
 
I thank my family-- 
 
Mom and Dad, for their sacrifices in coming to this country, for shaping me, for their 
unconditional love through the years, and for their bold and absolute support for every 
decision I make. Mom and Dad, you are shining role models of hard work, dedication 
and love. 
 
Tom and Sue Komarek; Elisabeth, Joseluis and Jocelyn Frausto: for taking a genuine 
interest in my studies and welcoming me warmly to the family.  
 
Dan Komarek, for being my light, always. For his love and support on a daily basis, 
encouragement to aspire higher and to take risks. He inspires me to be a better person 
each and every day; he is my better half. Our first date was my best life and career 























all who believe in and fight for  
 




the right for all children to education. 
	   1	  
1 Chapter 1: Introduction 
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1.1 Double strand break formation and repair 
Our genetic blueprint is continually exposed to both endogenous and exogenous 
sources of DNA stress. To address the different types of DNA lesions encountered in 
the cell, a number of cellular pathways have evolved for the recognition, signaling, and 
repair of DNA damage to ensure faithful passage of genetic information to the next 
cellular generation. The double-strand break (DSB) is considered one of the most 
cytotoxic DNA lesions with the greatest mutagenic potential. Misrepaired or unrepaired 
DSBs can lead to cell death, the accumulation of chromosomal rearrangements, and 
cancer in multicellular organisms (Lieber, 2010). 
DSBs can arise spontaneously (e.g. replication fork collapse) or after exposure to 
genotoxic agents (e.g. ionizing radiation (IR), certain chemotherapeutics such as 
Camptothecin). Importantly, DSBs are also generated as biologically relevant 
intermediates during programmed recombination events. These events include V(D)J 
and class switch recombination during immune system development, meiotic 
recombination in all sexually reproducing organisms, mating-type switching in yeast, 
and immune evasion by a variety of pathogens (Boboila et al., 2012a; Horn, 2014; 
Lieber, 2010). The machinery required for the formation and repair of DSBs serves 
important developmental and biological roles. Mutations in genes involved in DSB repair 
underlie many genetic disorders including severe combined immune deficiencies (SCID), 
sterility, developmental disorders and predisposition to cancer (Boubnov and Weaver, 
1995; Ciccia and Elledge, 2010; Shiloh and Ziv, 2013; Yoshida et al., 1998). 
Cells have evolved two mechanistically distinct pathways for the repair of DSBs: 
non-homologous end joining (NHEJ) and homologous recombination (Symington et al., 
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2014) (Figure 1-1). NHEJ is the direct ligation of break ends with minimal end 
processing or regard for homology. In contrast, HR requires extensive processing of the 
break ends and an intact donor template for repair, typically the sister chromatid 
(Symington, 2014). In addition to NHEJ and HR, an alternative end-joining (alt-EJ) 
pathway has been described. The precise definition of alt-EJ pathway varies depending 
on the organism but a general consensus is alt-EJ occurs independently of canonical 
end joining factors. Interest in this minor pathway has grown with the identification of 
short microhomologies (MHs) present at translocation junctions in tumors sequenced 
from human patients, which are indicative of alt-EJ (Liu et al., 2011; Stephens et al., 
2011; Stephens et al., 2009). Understanding the mechanism and regulation of DSB 
repair and pathway choice is of absolute importance. This knowledge will advance our 
understanding of human genetic diseases associated with defective DNA repair, as well 
as the initiation, progression and genomic instability in cancer cells.  
Figure 1-1 Double strand break repair pathways  
C-NHEJ and HR are the major DSB repair pathways. C-NHEJ is a homology-
independent end-joining pathway that requires little processing. DNA end resection is a 
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1.2 Mechanisms of homologous recombination (HR) 
At the mechanistic level, HR is initiated by a process termed DNA end resection. 
The resulting single-stranded DNA (ssDNA) intermediates are coated by RPA (Sun et 
al., 1991) and then exchanged for Rad51 recombinase to engage in homology search. 
When an intact donor is found, the Rad51-ssDNA filament invades the donor duplex to 
form a displacement loop (D-loop) and primes DNA synthesis (Krogh and Symington, 
2004; Sung and Robberson, 1995). This D-loop structure can be channeled down 
several sub-pathways of HR including: strand displacement strand annealing (SDSA), 
double strand break repair (DSBR) or break-induced replication (BIR), when only end of 
the break is present for repair (Ferguson and Holloman, 1996; Symington et al., 2014). 
In some circumstances, HR can be a mutagenic mode of repair. The use of homologous 
sequences at non-allelic positions, termed ectopic recombination, can result in 
deleterious consequences such as deletions, translocations, and acentric and dicentric 
chromosomes (Kupiec and Petes, 1988; Liefshitz et al., 1995). Also mutagenic is single-
strand annealing (SSA), Rad51-independent repair that occurs by annealing between 
long direct repeats, resulting in deletions (Symington, 2002).  
1.2.1 DNA end resection initiates homologous recombination 
Our insight into the mechanism and players behind DNA resection has greatly 
expanded in the last decade. Resection is the removal of the 5’ strand to generate 3’ 
ssDNA overhangs. This eliminates the preferred substrate for Ku binding, thereby 
representing a critically important commitment step for repair by HR (Foster et al., 2011). 
The current model for 5’-3’ resection favors bidirectional nucleolytic processing of the 5’ 
strand by two distinct but likely concurrent reactions. In budding yeast, Sae2 stimulates 
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Mre11-Rad50-Xrs2 (MRX) endonucleolytic cleavage of the 5’ strand at a site internal to 
the break end, generating a nick (Cannavo and Cejka, 2014; Mimitou and Symington, 
2008, 2009) (Figure 1-2). The nick is expanded by the MRX 3’-5’ exonuclease back 
towards the break end, generating a short stretch of ssDNA. The Mre11 N-terminal 
phosphoesterase domain encodes the nuclease activity, but the endonuclease is 
strongly dependent on Sae2 stimulation (Cannavo and Cejka, 2014; Moreau et al., 
1999; Usui et al., 1998). Sae2 activity is cell cycle regulated and activation is conferred 
by CDK (cyclin-dependent kinase) phosphorylation in S/G2 phase (Huertas et al., 2008). 
The cooperative action of Sae2-MRX to process break ends correlates with their 
temporal and spatial localization to breaks as observed by fluorescence microscopy in 
response to IR-generated DSBs (Lisby et al., 2004). 
 
Figure 1-2. Bidirectional resection model 
MRX and Sae2 generate a nick and degrade back towards the break end. Exo1 or 
Sgs1-Top3-Rmi1 (STR) with Dna2 participates in long-range resection to generate 
extensive 3’ overhangs coated by RPA. In the absence of Sae2 or Mre11-nuclease, 
MRX complex can directly recruit extensive resection factors. In the absence of 
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The nicked DNA or short ssDNA overhang is a substrate for rapid extensive 5’-3’ 
processing by two alternative pathways, --the Exo1 5’-3’ exonuclease or the Sgs1 
(Homo sapien (Hs) BLM/WRN) helicase together with the Dna2 endonuclease (Gravel 
et al., 2008; Mimitou and Symington, 2008; Zhu et al., 2008) (Figure 1-2). This 
genetically derived in vivo model has been further supported by biochemical 
reconstitution of resection activities (Cannavo et al., 2013; Nicolette et al., 2010; 
Nimonkar et al., 2011; Niu et al., 2010; Sturzenegger et al., 2014).  
1.2.1.1 Mre11-Rad50-Xrs2/Nbs1 (MRX/N) 
The MRE11, RAD50, XRS2 genes were originally identified in screens for IR-
sensitive or meiotic-recombination defective mutants in S. cerevisiae. MRE11 and 
RAD50 are conserved in all domains of life while XRS2 (functional ortholog, NBS1) is 
found only in eukaryotes. Mre11, Rad50 and Xrs2/Nbs1 form a heterohexameric 
complex (a dimer of heterotrimers) and exerts both catalytic and structural roles for 
repair. MRX is important for sensing DSBs, tethering break ends, end resection, 
checkpoint activation, facilitating NHEJ, and also has roles in telomere maintenance. 
Loss of any single component of the MRX complex results in DNA damage sensitivity 
that is akin to the deletion of all three genes (Symington, 2014). SbcD and SbcC are the 
E. coli orthologs of Mre11 and Rad50, respectively. Curiously, SbcDC does not 
participate in resection but exists primarily to cleave DNA hairpins formed by 
palindromic sequences (Connelly and Leach, 2002; Eykelenboom et al., 2008). 
The N-terminus of MRE11 contains five phosphoesterase sequence motifs. 
Conserved residues within these motifs are responsible for its manganese-dependent 
3’-5’ exonuclease and endonuclease activity. Several nuclease-inactivating alleles have 
	   7	  
been identified and are collectively described as mre11 “nuclease defective” or mre11-
nd (mre11-D16A, D56N, H125N and H213Y) (Bressan et al., 1998; Furuse et al., 1998; 
Moreau et al., 1999; Paull and Gellert, 1998; Tsubouchi and Ogawa, 1998). mre11-
H125N and mre11-D56N mutants are inactive for all nuclease activity, in vitro, yet have 
wild-type telomere length and show only mild IR-sensitivity, initially raising the possibility 
that residual nuclease activity was present. However, mre11-H125N and –D56N 
mutants are completely defective for sporulation and in vivo hairpin processing, similar 
to the mre11Δ mutant (Lobachev et al., 2002; Moreau et al., 1999; Rattray et al., 2001). 
The mre11-H59S mutation inactivates the exonucleolytic function but not the 
endonuclease (Neale et al., 2005; Williams et al., 2008). mre11-nd mutants are 
proficient for resection at clean DSBs because intact MRX complex is sufficient for 
direct recruitment of extensive resection factors (Shim et al., 2010). 
Rad50, a member of the structural maintenance of chromosomes (SMC) family 
of proteins, contains two long coiled-coil domains capped with a N-terminal Walker A 
domain and C-terminal Walker B domain (Kinoshita et al., 2009). Intramolecular folding 
forms long antiparallel coiled-coiled domains that are necessary to bring the two Walker 
domains into close proximity for proper function and interaction with Mre11 (Anderson et 
al., 2001; Hohl et al., 2011). At the tip of the coiled-coil domain, an invariable Cys-X-X-
Cys motif coordinates a Zn2+ molecule and this coordination is essential for MRX-MRX 
dimerization and DNA bridging activities (Chen et al., 2005a; Hopfner et al., 2002). ATP 
binding and hydrolysis in the Walker domains lead to a large conformational change 
and perturbation of this function inhibits the MRX nuclease. The crystal structure of 
PfRad50 indicates that ATP-induced “closed” conformation promotes DNA end binding 
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and end tethering while ATP-hydrolysis induced opening is essential for DNA resection 
(Deshpande et al., 2014; Lammens et al., 2011). Mutations in the ATP-binding 
consensus site confer a null-phenotype while mutations near the ATPase domain, 
called rad50S alleles, behave similarly to the mre11-H125N mutant (Alani et al., 1990). 
Xrs2 is the least conserved subunit of the MRX complex. Xrs2/Nbs1 contains a 
N-terminal forkhead associated (FHA) domain, two tandem BRCT (BRCA1 C-terminal) 
domains and a C-terminal Mre11 and Tel1 interaction domains (D'Amours and Jackson, 
2001; Dar et al., 2011; Ivanov et al., 1992; Palmbos et al., 2005; Wang et al., 2013; 
Zhao et al., 2002). The Xrs2-FHA domain directly interacts with phosphorylated Sae2, 
and with Lif1 to promote NHEJ (Liang et al., 2015; Matsuzaki et al., 2008; Palmbos et 
al., 2005). Mre11 evolved a eukaryotic-specific insertion termed the “latching loop” to 
mediate interactions with Xrs2 (Schiller et al., 2012).  Latching-loop mutations result in 
weakened Mre11-Nbs1 interaction. Moreover, mutations in the latching-loop are 
associated with human disease, --Ataxia-telangiectasia-like disorder (ATLD) and 
Nijmegen break syndrome-like disorder (NBSLD), illustrating the important Nbs1 
contribution to MRN function.  
Hypomorphic mutations in HsNBS1 result in Nijemgen Breakage Syndrome 
(NBS). Cell lines derived from NBS patients show decreased nuclear staining of Mre11-
Rad50 concomitant with increased cytoplasmic staining (Carney et al., 1998; Maser et 
al., 2001). This suggested that Nbs1 could be important for proper Mre11 localization to 
the nucleus. Indeed, in xrs2Δ mutant cells, fusion of a nuclear localization signal to 
Mre11 suppresses some xrs2Δ-associated DNA damage sensitivity but not the telomere 
or sporulation defects (Tsukamoto et al., 2005). Interestingly, Mre11-Rad50 interactions 
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were still detected in NBS cell lines (Carney et al., 1998) supporting the idea of potential 
Mre11-Rad50 sub-complex functions. The precise catalytic and structural function(s) of 
Mre11-Rad50, independent of Xrs2/Nbs1, remain to be determined. 
1.2.1.2 MRN function in higher eukaryotes 
Studies in mammals have been hindered by the embryonic lethality conferred 
when any subunit of the MRN complex is deleted and in homozygous mre11-H129N 
(nuclease defective) animals. Cell lines derived from patients with hypomorphic MRN 
mutations have highlighted an important role for MRN in ATM activation (Buis et al., 
2008; Stracker and Petrini, 2011). In mouse, Mre11 nuclease activity is not required for 
complex formation, ATM activation or NHEJ at RAG-generated breaks. However, in 
contrast to yeast, Mre11-nuclease activity is required for resection as quantified by RPA 
and Rad51 foci formation after exposure to IR (Buis et al., 2008). Short interfering RNA 
(siRNA) silencing of Mre11 reduced the frequency of NHEJ and alt-EJ events 
demonstrating a role for Mre11 in end joining (Rass et al., 2009; Xie et al., 2009). 
Furthermore, several chemical inhibitors have been developed to specifically inhibit the 
endo- or exonuclease functions of Mre11 to tease out the specific contributions of each 
activity to repair as well as nuclease-independent functions of the MRX complex. Similar 
to genetic inactivation, Mirin (and its derivatives) inhibition of Mre11 nuclease activity 
blocks resection and homology-directed repair (Dupre et al., 2008; Shibata et al., 2014). 
MRN functions are highly conserved and essential for mammalian genome 
maintenance. 
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1.2.1.3 Sae2/Ctp1/CtIP 
Sae2 is the unofficial fourth member of the MRX complex and was originally 
identified for its role in meiotic recombination (McKee and Kleckner, 1997; Prinz et al., 
1997). Sae2 directly interacts with Mre11 and Xrs2 but interactions with Rad50 have not 
been detected (Cannavo and Cejka, 2014; Ghodke and Muniyappa, 2013). CtIP is the 
functional ortholog of Sae2 in humans but they share only minimal sequence homology 
in the C-terminus (Sartori et al., 2007).  In yeast, the sae2Δ mutant phenocopies mre11-
nd and rad50S mutants and this provided the initial clue that these proteins operate in 
the same pathway (Clerici et al., 2005; Kim et al., 2008; Lobachev et al., 2002; Mimitou 
and Symington, 2010; Moreau et al., 2001).  
Sae2 activity is heavily regulated through post-translational modifications. 
Modifications include CDK phosphorylation, Tel1 and Mec1 phosphorylation, acetylation 
for its degradation and sumoylation to increase the soluble pool of Sae2 in response to 
DNA damage (Baroni et al., 2004; Huertas et al., 2008; Liang et al., 2015; Peterson et 
al., 2013; Robert et al., 2011; Sarangi and Zhao, 2015; Wang et al., 2012; Wang et al., 
2013). Cdk1 phosphorylation at residue S267 (T847 in CtIP) activates Sae2 for 
resection only in S/G2 phases of the cell cycle (Baroni et al., 2004; Huertas et al., 2008). 
A structure-function study on the S. pombe (Sp) ortholog, Ctp1, proposes a flexible 
tetramer with a DNA-tethering and scaffolding role to coordinate DSB repair (Andres et 
al., 2015). The N-terminal interlocking tetrameric helical dimer-of-dimers (THDD) 
domain is responsible for higher order oligomerization and is present in Sae2, Ctp1 and 
Mus musculus (Mm)/HsCtIP. Mutations in the THDD domain impair Sae2-self 
interactions and associated Sae2 activities (e.g. spore viability) (Kim et al., 2008).  
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While an important role for Sae2 in resection is clear, biochemically defining its 
catalytic and structural functions has been challenging. Sae2 has been reported to 
possess nuclease activity independent of MRX, however its lack of an active site or 
nuclease domain led to subsequent dispute (Cannavo and Cejka, 2014; Lengsfeld et al., 
2007). Nuclease activity was not detected in SpCtp1, even at high protein 
concentrations (Andres et al., 2015). Early CtIP studies also failed to identify an MRX-
independent nuclease but this has recently been questioned (Eid et al., 2010; Sartori et 
al., 2007). Two groups have identified catalytic residues and demonstrated CtIP 
endonuclease at 5’ flap structures in vitro (Makharashvili et al., 2014; Wang et al., 2014). 
Interestingly, the CtIP endonuclease was not required for resection at I-SceI-generated 
“clean” DSBs, but required for processing AT-rich chromosomal fragile sequences 
(Makharashvili et al., 2014; Wang et al., 2014). The Sae2/CtIP/Ctp1 nuclease question 
remains unsettled. Differences between CtIP and Sae2 nuclease would not be 
unexpected as CtIP is a larger and more complex protein.  
In vivo, mre11-nd and sae2Δ mutants behave similarly. Neither is severely 
impaired for resection at HO- or I-SceI-endonuclease generated breaks (Clerici et al., 
2005; Mimitou and Symington, 2008), but both are IR-sensitive, completely defective for 
meiotic recombination and behave similarly in recombination assays (Lobachev et al., 
2002; Mimitou and Symington, 2010; Neale et al., 2005; Rattray et al., 2001). The 
presence of MRX is sufficient for the direct recruitment of extensive resection factors at 
endonuclease-generated DSB but full nuclease activity requires a combination of Sae2 
and Mre11 nuclease (Mimitou and Symington, 2011; Shim et al., 2010). mre11-H125N 
and sae2Δ DNA damage sensitivity can also be rescued by YKU70 deletion. Elimination 
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of Ku frees up the break ends to allow Exo1 and STR-Dna2 direct access to initiate 
resection and repair (Mimitou and Symington, 2010).  
In contrast to the mild phenotype associated with SAE2 deletion in budding yeast, 
the loss of CtIP or SpCtp1 severely impedes resection and subsequent homology 
directed repair (Limbo et al., 2007; Sartori et al., 2007; Zhang and Jasin, 2011). CtIP 
was originally identified by its interactions with CtBP and BRCA1 (Yu and Chen, 2004). 
The CtIP-/- mouse is early embryonic lethal indicating that CtIP is required for cell 
proliferation (Chen et al., 2005b). Initial observations that brca1-/- cells are defective for 
SSA implicated its involvement in DNA resection (Stark et al., 2004). In agreement with 
this idea, Brca1 colocalizes with MRN and interacts directly with phosphorylated CtIP 
(Yu and Chen, 2004; Zhong et al., 1999). Moreover, the deletion of 53BP1 rescues 
brca1-/- embryonic lethality, in part, by restoring resection (Bunting et al., 2010; Cao et 
al., 2009). However, 53BP1-deletion does not rescue the CtIP-/- lethality. The lack of 
rescue is not surprising, since resection in the 53BP1-/- background is CtIP-dependent. 
Furthermore, unlike YKU70-deletion, which rescues the DNA damage sensitivity of the 
sae2Δmutant also by restoring resection, Ku80 deficiency does not rescue the CtIP-/- 
lethality (Bunting et al., 2010; Cao et al., 2009; Mimitou and Symington, 2010; Polato et 
al., 2014). In the same vein, CtIP-/- B-cells, generated using lineage specific Cre-
recombinase, displayed persistent phosphorylation of Kap1 and p53, indicating 
constitutive cellular stress that ultimately leads to a proliferation defect (Polato et al., 
2014). Together these findings demonstrate that Sae2/CtIP/Ctp1 is important for 
genome maintenance through its role in resection and is essential for cell proliferation in 
higher eukaryotes. 
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In addition to its role in resection, MRX and Sae2 also mediate the DNA damage 
response via checkpoint signal transduction. MRX complex is required for checkpoint 
activation, arriving early at DSBs to prime Tel1 (HsATM) activation. RPA coated ssDNA 
signals the Mec1 (HsATR) checkpoint and is therefore indirectly affected by the 
resection delay in MRX mutants (Grenon et al., 2001; Nakada et al., 2004). In addition, 
MRX and Sae2 are involved in checkpoint shut-off. The mre11-H125N and sae2Δ 
mutants show prolonged hyperphosphorylation of the checkpoint effector kinase Rad53 
and persistent Mre11 presence at the break ends after DNA damage (Clerici et al., 
2006; Donnianni et al., 2010; Lisby et al., 2004). This raised the possibility that mre11-
H125N and sae2Δ sensitivity to DNA damaging agents (e.g. MMS and CPT) is related 
to an inability to switch-off the checkpoint. The mild resection defect observed in mre11-
H125N and sae2Δ seemed incongruent with the severe sensitivity to DNA damaging 
agents. Repair after 80 Gy IR in mre11-H125N and sae2Δ mutants was only 20-30% 
slower than wild type, suggesting a delay but not a defect in repair even at dirty ends 
(Westmoreland and Resnick, 2013). Two recent studies clarified this question by 
isolating mre11 alleles that suppress the MMS and CPT damage sensitivity of sae2Δ, 
independent of restoring end resection functions. This class of mre11mutant proteins 
binds DNA with reduced affinity thereby promoting self-release from break ends. 
Increased MRX dissociation attenuates checkpoint signaling and is sufficient to restore 
DNA-damage resistance in sae2Δ and mre11-H125N mutants (Chen et al., 2015; 
Puddu et al., 2015). Therefore, checkpoint maintenance influences recovery and 
survival after DNA damage. 
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1.2.2  Extensive resection players: Exo1 and Sgs1-Dna2 
1.2.2.1 Exo1 
Exo1 is a member of the Rad2-family of structure specific nucleases and 
possesses 5’-3’ exonuclease activity and 5’ flap endonuclease activity. Exo1 
participates in multiple DNA maintenance pathways including resection, post-replication 
repair, mismatch repair and telomere homeostasis (Tran et al., 2004). The preferred 
substrate of Exo1 is a dsDNA with a recessed 5’ end; Exo1 can also initiate resection 
from a nick (Symington, 2014). In yeast, MRX recruits Exo1 to sites of DNA damage 
and Exo1 is the primary extensive resection factor in meiosis (Shim, 2010 #206; 
(Manfrini et al., 2010; Zakharyevich et al., 2010).  HsMRN-CtIP recruits HsExo1 to 
DSBs but CtIP restrains HsExo1 activity in vitro. In contrast to yeast where Exo1-Sgs1 
interactions have not been detected, BLM, independent of its helicase activity, 
stimulates HsExo1 nuclease (Eid et al., 2010; Nimonkar et al., 2011; Nimonkar et al., 
2008). It is currently unknown if the endonucleolytic function of Exo1 is relevant during 
resection. In vivo, Exo1 cannot perform extensive resection in the absence of RPA, 
however, Exo1 localization to DSBs is not affected (Chen et al., 2013).  The influence of 
RPA on Exo1 nuclease in vitro is not clear. In one study, RPA is inhibitory to Exo1 
processing but can be overcome by MRX-Sae2 whereas another study demonstrated 
that RPA indirectly facilitates Exo1 processing by sequestering ssDNA to prevent non-
specific binding by Exo1 (Cannavo et al., 2013; Nicolette et al., 2010). A recent 
biochemical study suggests that Ku and RPA compete for binding at ss-dsDNA 
transitions (even when ssDNA overhangs are 40 bp long). With longer ssDNA 
overhangs, RPA effectively competes for binding and this promotes Exo1 loading and 
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processing (Krasner et al., 2015). Overall, Exo1 access appears to be substrate-specific 
recognition. MRX-Sae2 or RPA simply help to make the substrates Exo1-accessible. 
1.2.2.2 Sgs1-Top3-Rmi1 (STR) with Dna2 endonuclease in extensive resection 
Sgs1 is a member of the highly conserved RecQ family of ATP-dependent 3’-5’ 
DNA helicases. Sgs1 interacts directly with the conserved Top3 topoisomerase and 
Rmi1 OB-domain containing protein to form the STR complex. In budding yeast, Sgs1-
helicase unwinds the duplex DNA for Dna2 endonuclease cleavage in an ATP-
dependent manner. Biochemically, Sgs1-Dna2-RPA constitutes the minimal resection 
machinery; the presence of MRX and Top3-Rmi1 enhances the reaction. Dna2 contains 
endonuclease and helicase activity but the latter is dispensable for resection (Nimonkar 
et al., 2011; Niu et al., 2010). Furthermore, Dna2 has both a 5’ and 3’ flap endonuclease, 
in vitro, with the correct polarity of cleavage enforced by RPA (Bae et al., 2001; Cejka et 
al., 2010; Niu et al., 2010). 
Several RecQ members are present in humans including BLM, WRN, RECQ1, 
RECQ4 and RECQ5. Both BLM and WRN have been demonstrated to be functional 
Sgs1 orthologs for resection in vertebrates (Gravel et al., 2008; Yan et al., 2005). BLM 
forms the BLM-Top3α-RMI1-RMI2 (BTRR) complex in human cells and is one route of 
extensive resection (Nimonkar et al., 2011; Sturzenegger et al., 2014). Early studies 
found MRN recruitment of WRN to γH2AX foci in response to γ-irradiation in X. laevis 
extracts (Cheng et al., 2005). Subsequently, a role for WRN-helicase with DNA2 in 
resection was described (Liao et al., 2008; Yan et al., 2005). Recently, HsWRN-DNA2 
was demonstrated to mediate long-range resection in human cell lines and 
biochemically reconstituted using purified proteins. Cell lines knocked down for BLM or 
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WRN show decreased resection while simultaneous knockdown of both mRNAs 
reduces resection to levels similar to DNA2 knockdown (Sturzenegger et al., 2014). 
HsDna2 flexibly cooperates with either WRN or BLM (BTRR) to mediate extensive 
resection. 
In the absence of extensive resection factors (exo1Δ sgs1Δ mutant), resection is 
still initiated. MRX-Sae2 removes 100-700 nucleotides resulting in short 3’ ssDNA tails 
coated by RPA (Gravel et al., 2008; Mimitou and Symington, 2008). These short ssDNA 
tails generated are sufficient for effective gene conversion (~70% of WT level) using an 
ectopic recombination assay (Zhu et al., 2008). However, short RPA-ssDNA tracts are 
insufficient for the Mec1/ATR activation due to defective Ddc2 (HsATRIP) recruitment 
(Gravel et al., 2008; Zou and Elledge, 2003).  
1.2.3 Homology search, strand invasion and resolution 
Homology search and strand invasion are initiated by replacing RPA with Rad51 
on the 3’ ssDNA tails. The Rad51 nucleoprotein filament catalyzes homologous pairing 
and invasion of a donor duplex to form a D-loop. The D-loop intermediate can be 
channeled down several different HR sub-pathways leading to different repair outcomes. 
The invading strand can be displaced and pair with the resected strand on the other 
side of the break in an SDSA reaction resulting in non-crossover products (Ferguson 
and Holloman, 1996). Several helicases have been implicated for this displacement 
step including Sgs1/BLM, Srs2 and Mph1/FANCM (Mitchel et al., 2013). Alternatively, 
the D-loop can capture the second-end of the break to generate a double Holliday 
Junction (dHJ) intermediate. The dHJ can be “dissolved” by Sgs1-Top3-Rmi1 to 
generate NCO or resolved by structure specific nucleases, Mus81-Mms4/Eme1 or Yen1, 
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to generate crossovers (CO) or NCO products (Symington et al., 2014) (Figure 1-3). If 
only one end of the break presents homology or coordination of the second end is lost, 
repair can occur by a break-induced replication (BIR). BIR results in loss of 
heterozygosity and is likely suppressed in the presence of a two-ended break. BIR is 
envisioned to restore critically short telomeres in a telomerase-independent mechanism 
called alternative lengthening of telomeres (ALT). In line with this idea, BIR occurs with 
higher efficiency when the donor sequence is closer to the ends of chromosomes, but 
the mechanism behind this control remains unclear (Donnianni and Symington, 2013; 
Llorente et al., 2008).   
Figure 1-3. Various homology-directed repair pathways 
Homology-directed repair requires resection, Rad51-directed homology search (with the 
exception of SSA) and strand invasion to form a D-loop intermediate. D-loop 
dissociation and reannealing with the second end occurs during strand-displacement 
strand annealing (SDSA). D-loop capture of the second end generates a double-holliday 
junction intermediate, which can give rise to crossovers and noncrossovers. When only 
one end of the break presents homology, D-loop extension leads to repair by break-
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1.2.3.1 Rad51 and Rad52 
Yeast rad51Δ mutants are sensitive to DNA-damaging agents, defective for 
meiotic recombination, mitotic gene conversion, but not SSA (Ivanov et al., 1996; 
Symington, 2002). Loss of RAD52 results in severe defects in all homology-dependent 
DSB repair pathways and displays a more severe growth defect that the rad51Δ mutant. 
Rad51 (bacterial RecA) is a highly conserved ATP-dependent strand exchange protein. 
RPA stimulates Rad51 binding by removing secondary structures and the Rad52-
hexamers acts as a mediator for Rad51 loading through it C-terminal interaction with 
Rad51 (Gibb et al., 2014b; Sung, 1997). One model derived from single-molecule 
studies suggests Rad52 binds tightly to RPA-coated ssDNA to suppress RPA turnover. 
Rad51 then nucleates on the ssDNA molecule but leaves interspersed clusters of RPA-
Rad52 along the DNA, perhaps to assist in second strand capture (Gibb et al., 2014b). 
In the absence of RPA, Rad51 and Rad52 are not recruited to DSBs (Chen et al., 2013; 
Lisby et al., 2004).  
1.2.3.2 Single Strand Annealing Pathway 
Rad52 promotes annealing between two long direct repeats in a pathway known 
as single strand annealing (SSA) (Mortensen et al., 1996; Sugawara and Haber, 1992). 
Sufficient resection uncovers the long complementary sequences (>200bp) that 
efficiently anneal. The efficiency and frequency of annealing is sensitive to the length of 
complementary sequence, degree of sequence identity as well as the distance between 
the repeats (Sugawara and Haber, 1992). SSA efficiency plateaus at ~400 bp with 
nearly 100% repair and drops significantly at repeats less than 50 bp (Sugawara et al., 
2000). Following annealing, the heterologous flaps are trimmed by Rad1-Rad10-Saw1, 
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gaps are filled and the ends are ligated (Li et al., 2013). This repair results in the loss of 
intervening sequences and one copy of the repeat.  
1.3 Mechanisms of non-homologous end joining (NHEJ) 
The NHEJ pathway, originally named illegitimate DSB repair, is a non-conservative 
process that does not rely on homologies between the recombining DNA molecules for 
repair. NHEJ is a major repair pathway in mammalian cells and can occur with high 
fidelity. Because NHEJ neglects homology, it can lead to chromosomal translocations 
(Bunting and Nussenzweig, 2013; Ghezraoui et al., 2014). In yeast, NHEJ accurately 
repairs endonuclease generated DSB with short ssDNA overhangs while blunt ends and 
“dirty” ends are not efficiently or accurately repaired (Boulton and Jackson, 1996a, b; 
Lewis and Resnick, 2000). The key NHEJ components in yeast include: YKU70, YKU80, 
DNL4, LIF1, NEJ1, MRE11, RAD50, XRS2. Additional accessory factors, including 
DNA-PKcs (DNA-dependent protein kinase catalytic subunit) and Artemis facilitate NHEJ 
in mammalian cells. Several NHEJ proteins also serve important roles in HR and proper 
telomere maintenance (Daley et al., 2005). 
 Upon DSB formation, the MRX complex and Yku70-Yku80 heterodimer compete for 
end binding(Tomita et al., 2003). Ku binds DNA end by slipping the duplex DNA through 
a ring opening and can translocate along the duplex DNA (de Vries et al., 1989; Walker 
et al., 2001). The Yku70-Yku80 functions include 1) protecting the break ends from 
nucleases 2) recruiting end-processing factors prior to ligation 3) stimulating ligase 
activity for end joining.  
The dsDNA ligase for NHEJ in yeast is encoded by DNL4 (LIG4 in mammals) and 
requires accessory factors encoded by LIF1 and NEJ1 (XRCC4 and XLF/Cernunnos in 
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mammals). DNA Ligase I (CDC9), the only alternative ligase in yeast, cannot substitute 
for Dnl4 function and conversely, Dnl4 cannot substitute for Cdc9 function. Dnl4 is an 
ATP-dependent DNA ligase that interacts directly and is stabilized through its interaction 
with the Lif1-BRCT domain. The phosphorylated Lif1 C-terminus interacts functionally 
with Xrs2-FHA domain to recruit Dnl4 ligase (Matsuzaki et al., 2008). Nej1 is an 
important component of NHEJ that binds strongly to Lif1 and its expression is repressed 
in MATa/alpha diploids (Deshpande and Wilson, 2007; Valencia et al., 2001). The 
precise function of Nej1 remains unknown but is suggested to stabilize NHEJ machinery 
at break ends and reactivate Dnl4 to catalyze multiple ligation events (Chen and 
Tomkinson, 2011). 
In contrast to mammals, repair in S. cerevisiae occurs primarily by HR. The S. 
cerevisiae genome is more compact with fewer repeated sequences, making HR a high 
fidelity pathway with a low chance of ectopic recombination. Mammalian genomes are 
much larger with many repetitive sequences. Additionally, the majority of mammalian 
cells are in G1 phase which makes the availability of the sister chromatid for repair a 
rare occurrence. 
1.4 Microhomology-mediated end joining (MMEJ) 
MMEJ is a Ku70-Ku80 and ligase IV-independent alternative end joining (alt-EJ) 
pathways used for DSB repair. MMEJ is error prone and contributes to genomic 
instability by facilitating chromosomal translocations and telomere-telomere fusions 
(Boboila et al., 2010; Rai et al., 2010; Villarreal et al., 2012; Yan et al., 2007; Yu and 
Gabriel, 2003).  In yeast, MMEJ is the only alt-EJ pathway and occurs exclusively by 
annealing between short microhomologies (MHs) (>5 nt in yeast) to align the broken 
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chromosome ends prior to ligation (Ma et al., 2003; McVey and Lee, 2008; Yu and 
Gabriel, 2003). This alt-EJ pathway was first described when end-joined products were 
recovered in cells inactivated for canonical NHEJ factors. End joining products 
recovered from the yku70Δ mutant contained large deletions and the ends were joined 
via short direct repeat sequences (Boulton and Jackson, 1996a, b; Ma et al., 2003). In 
mammalian cells, alt-EJ is often mediated by MHs, though their requirement is not 
absolute (Boboila et al., 2012a; Mansour et al., 2010; Simsek and Jasin, 2010). Once 
MHs anneal, the flaps and overhang sequence are processed by the Rad1-Rad10 flap 
endonuclease (Ma et al., 2003). Flap trimming is followed by gap synthesis and ligation 
to regenerate an intact chromosome. 
1.4.1 Resection is required for MMEJ 
 Several chromosomal and plasmid-based assay systems have been developed 
to examine the requirements for MMEJ in vivo (Daley and Wilson, 2005; Decottignies, 
2007; Lee and Lee, 2007; Ma et al., 2003; Stark et al., 2004). Mechanistically, MMEJ is 
similar to SSA. Resection exposes MHs internal to the break ends and the resection 
requirement is consistent with the observed S/G2 cell cycle dependence for MMEJ 
repair (Moore and Haber, 1996; Truong et al., 2013). The role of MRX in end joining is 
potentially more complex since loss of MRX reduces both NHEJ and MMEJ repair (Lee 
and Lee, 2007; Ma et al., 2003). Whether Sae2 is required for MMEJ is unsettled. An 
initial study failed to recover MMEJ events in a sae2Δ mutant, however a subsequent 
study from a different group using the same system reported MMEJ events in the 
absence of Sae2 (Lee and Lee, 2007; Matsuzaki et al., 2012). The frequency of NHEJ 
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is greatly increased in the sae2Δ mutant and therefore the proportion of MMEJ events 
among surviving colonies is lower. 
The requirement for resection in MMEJ is further supported by studies in 
mammalian cells. The knockdown of CtIP (Rbbp8) using siRNA reduced the frequency 
of MMEJ (Bennardo et al., 2008; Lee-Theilen et al., 2011; Truong et al., 2013). 
Furthermore, siRNA knockdown of CtIP reduces the frequency of DSB-induced 
translocations in mouse cells, and the translocation breakpoints are associated with 
shorter deletions and reduced MH usage (Zhang and Jasin, 2011). Overexpression of 
Mre11 in human fibroblasts elevated intrachromosomal alt-EJ by increasing the 
percentage of events with deletions without changing the size of the deletion. In the 
same assay, Mre11 inhibition by Mirin decreased the alt-NHEJ frequency in XRCC4- 
deficient hamster cell lines (Rass et al., 2009). Mre11 regulates resection in a nuclease-
dependent manner to promote alt-EJ at an early step. 
1.4.2 Polymerases fill in the gap  
Polymerase activity is required for gap fill-in after annealing between MHs with 
several implicated polymerases working in a partially redundant manner. Inactivation of 
POL32 (component of Pol δ ond Pol ζ complex), REV3 (translesion polymerase Pol ζ), 
RAD30 (translesion polymerase Pol η) or POL4 all reduced MMEJ frequency. Pol4 is 
non-processive polymerase that fills-in small gaps. The Pol4 function in MMEJ requires 
both the BRCT domain and polymerase function, but the pertinent factors recruited by 
the Pol4-BRCT are unknown since Dnl4 is not required (Lee and Lee, 2007).  A 
subsequent study from the same group implicated a greater role for Pol32, independent 
of its functions in recruiting translesion polymerases. Rather, Pol32 works to extend the 
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short annealed MH to further stabilize the DNA duplex to promote MMEJ (Villarreal et 
al., 2012).  
1.4.3 MMEJ is Ligase IV-independent 
The ligase activity required for MMEJ has not been directly tested; however Dnl4 
is dispensable for this reaction leaving Ligase I (CDC9) as the expected candidate in 
this reaction. In mammalian systems, Ligase III (Lig3) is the major ligase for alt-EJ 
(Simsek et al., 2011). In the absence of Lig3 alt-EJ is largely abrogated and LigI 
contributes to the small remaining subset of events. LigI has been proposed to play a 
small but significant role in alt-E J (Boboila et al., 2012b). 
1.4.4 Annealing during MMEJ 
In contrast to SSA, MMEJ is largely Rad52-independent suggesting that MMEJ is 
a distinct repair pathway (Figure 1-4). MMEJ is exquisitely sensitive to the MH length, 
the number of mismatches within the repeat and the sequence composition (i.e. GC 
content) (Bennardo et al., 2008; Daley and Wilson, 2005; Decottignies, 2007; Sugawara 
et al., 2000; Villarreal et al., 2012). A recent study showed a ten-fold increase in MMEJ 
frequency with each additional nucleotide of MH from 12 to 17. Yeast Rad52 is the 
dedicated annealing protein and is strictly required for SSA. In accordance with its 
annealing function, Rad52 was shown to promotes MMEJ in a plasmid end-joining 
assays with MH available directly at break ends (Daley and Wilson, 2005). At a 
chromosomal DSB, Rad52 influences MMEJ frequency at MHs greater than 14 bps. 
However, when mismatches were introduced within the MH, Rad52’s influence on 
annealing was diminished (Daley et al., 2005; Decottignies, 2007; Villarreal et al., 2012). 
This length-dependent requirement may be related to minimum length required for 
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Rad52 recognition and binding, and mismatches within the repeat could be seen as two 
short MHs. 
 
Figure 1-4. MMEJ is mechanistically similar to SSA but Rad52-independent. 
SSA occurs by annealing between two long (>200 bp) direct repeats resulting in 
deletion of one copy of the repeat and the intervening sequences. MMEJ uses short 
MHs (~5-25 bp) to bridge the ends and also results in deletions. Annealing during SSA 
requires Rad52 while annealing during MMEJ is largely Rad52-independent. 
 
Because MMEJ is a mutagenic process, there is likely a cellular mechanism for 
its repression. Whether the mode of repression is through an active inhibitory protein or 
by promoting an alternative high fidelity repair process is unknown. Resected 
intermediates can be channeled into MMEJ or HR pathway and thus begs the question 
of what influences the use of one pathway over another. Answers to these questions will 
provide insight into the mechanisms of this pathway and how it is regulated. 
1.5 Replication protein A (RPA) functions in multiple repair pathways 
1.5.1 RPA structure and function 
Replication protein A (RPA) is a highly conserved heterotrimeric ssDNA binding 
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RFA2 and RFA3 (RPA1, RPA2 and RPA3 in vertebrates), respectively and all are 
essential for viability. Among eukaryotic organisms, the basic RPA architecture and size 
of the individual subunits are largely invariable, however, the subunits of different 
species are not functionally interchangeable, suggesting protein-protein interactions 
between RPA subunits and with other cellular proteins are species-specific. Originally 
identified as an essential component of Simian virus 40 (SV40) replication in vitro, RPA 
has subsequently been shown to play a role in nearly all DNA transactions involving a 
ssDNA intermediate including DNA replication, recombination and repair of various DNA 
lesions (Brill and Stillman, 1989; Wold, 1997).   
 RPA complex is composed of four DNA-binding domains (DBD) with 
oligonucleotide/oligosaccharide binding folds (OB-folds), a signature of ssDNA binding 
(Figure 1-5). There are four DBDs (A-D) and two addition OB-fold domains that do not 
contribute directly to DNA binding. Currently, no genetic disorders map to mutations in 
RPA, probably due its essential and ubiquitous requirement in all cellular transactions 
involving DNA. However, biallelic Rpa1 mutations have been identified in human 
pancreatic cancers (Waddell et al., 2015). 
Figure 1-5. Schematic of RPA complex and location of hypomorphic mutations. 
Heterotrimeric RPA contains four DNA binding domains (DBD), two additional OB 
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RPA is an abundant and stable protein with high affinity ssDNA binding. mRNA 
expression of RPA peaks in S/G2 and the complex is further regulated by 
phosphorylation on Rpa32 (Brill and Stillman, 1991; Din et al., 1990). RPA binds ssDNA 
with an association constant in the range of 109-1011 M-1 (Kim et al., 1994).  In vitro, 
RPA is capable of binding dsDNA and RNA, albeit with lower affinity. Complete 
disruption of ssDNA-binding eliminates RPA function and leads to cell inviability. Point 
mutations that reduce ssDNA affinity support replication but show a growth defect and 
are DNA damage sensitive (Deng et al., 2015; Haring et al., 2008).  RPA has a 
preference for polypyrimidines over polypurine sequences though binding is not 
sequence specific. DNA molecule length also influences the binding affinity. Shorter 
ssDNA molecules have lower binding constants with the minimum length being 8 bp. 
High-affinity, stable RPA binding has a DNA footprint of 30 bp. RPA binding shows little 
cooperativity but new RPA molecules are 10-20-fold more likely to bind adjacent to 
preexisting RPA molecules than nucleate at new sites (Kim et al., 1994). RPA also has 
helix-destabilizing activity, allowing it to unwind duplex DNA (Lao et al., 1999).  
The largest subunit Rfa1 (HsRpa70) is the most important subunit for DNA 
binding, though all subunits must be present for its proper function. The N-terminal OB 
domain facilitates protein-protein interactions but does not contribute to DNA binding. 
DBD-A and -B initiate weak binding with an occluded site of 8-10nt. This binding creates 
a conformational change to load DBD-C (20 nt binding) and then DBD-D (Rfa2), 
extending and stabilizing the complex on DNA (30 nt binding). 
Rfa2 (HsRpa32) contains DBD-D and a C-terminal winged helix domain for 
protein-protein interactions, including with Rad52. The N-terminus of Rfa2 is heavily 
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phosphorylated by CDK during cell cycle progression and in response to DNA 
damaging agents but the structural and functional impact of these phosphorylation sites 
remain unclear (Binz et al., 2004; Din et al., 1990). Kinases responsible for Rfa2/Rpa32 
phosphorylation include Tel1/ATM, Mec1/ATR and DNA-PK, and they modify RPA 
differentially in response to specific types of DNA damage (Block et al., 2004; Brush et 
al., 1996; Liu et al., 2012). In human systems, immunoblotting for Rpa32 
phosphorylation is used to monitor the activation of ATM and ATR. The Rfa2/Rpa32 
phosphorylation sites are not highly conserved and phosphoblock mutants have mild 
phenotypes. No specific roles have been attributed to the 14 kDa subunit of RPA except 
for its structural role in RPA assembly.  
1.5.2 RPA in homology-directed repair 
RPA plays a critically important role during homology dependent repair. 
Resected ssDNA intermediates are immediately coated by RPA to 1) remove secondary 
structure 2) protect DNA ends from nucleolytic degradation 3) activate the DNA-damage 
checkpoint and 4) Facilitate loading of Rad52 and Rad51. RPA binds tightly and stably 
to ssDNA for extended periods of time, yet dynamically and readily exchanges when 
free RPA is present in the environment (Gibb et al., 2014a). This suggests that RPA 
undergoes micro-dissociation to sample the environment for additional ssDNA binding 
factors. In vitro, Rad52 is able to overcome RPA coated ssDNA to promote annealing 
between complementary sequences. RPA and Rad52 likely form a complex that recruits 
and promotes Rad51 filament formation (Sugiyama and Kowalczykowski, 2002). RPA 
also stimulates Rad51 strand exchange, provided that Rad51 filament is loaded prior to 
RPA addition (Sung and Robberson, 1995). Furthermore, RPA is required for 
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decatenation by Top3-Rmi1 to remove dHJ intermediates (Cejka et al., 2012). Together, 
evidence points to an important role for RPA at multiple steps of homologous 
recombination. 
1.5.3 Genome stability is guarded by RPA 
Because all subunits of RPA are essential for cell viability, the identification and 
characterization of RPA hypomorphic mutants has helped to elucidate RPA function in 
vivo. Budding yeast has served a central role for these genetic studies. Whole genome 
screens for mutations that confer or suppress defects in HR pathways led to the early 
identification of rfa1 hypomorphic mutants (Firmenich et al., 1995; Smith and Rothstein, 
1995). Subsequent directed screens for rfa1 and rfa2 alleles that confer temperature 
sensitivity, growth defect and/or DNA damage sensitivity uncovered many more alleles 
(Longhese et al., 1994; Santocanale et al., 1995; Umezu et al., 1998). The rfa1-t11 
allele has a single nucleotide change in the N-terminal protein-protein interaction 
domain resulting in the substitution of Rfa1 Lys45 to Glu. The rfa1-t11 mutation confers 
UV and MMS sensitivity and is defective for mating type switching and SSA, Rad51 
dependent and independent recombination. Biochemical characterization revealed that 
Rad51 displaces RPAt11 more slowly, suggesting that RPAt11 binds more tightly to 
ssDNA than wild type RPA (Kantake et al., 2003). The rfa1-t48 (Leu221Pro) and rfa1-
t33 (Ser373Pro) alleles (identified in the same screen as rfa1-t11) are point mutations in 
the Rfa1 DBD-A and DBD-B, respectively. rfa1-t48  and –t33 are DNA damage sensitive 
and rfat1-t48 is defective for sporulation and meiotic recombination(Soustelle et al., 
2002). rfa1-t33  is temperature sensitive, accumulating budded cells (pre-M phase) at 
the non-permissive temperature, indicating a replication defect. The rfa1-D228Y mutant 
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was identified for its ability to suppress the rad52Δ mutant defect in direct-repeat 
recombination (Smith and Rothstein, 1995). The rfa1-D228Y mutant allows annealing 
between direct repeat sequences independently of Rad52 (Smith and Rothstein, 1999). 
RPA is not expected to bind at healthy telomeres except during late S phase replication 
and telomere extension. However a synergistic decrease in telomere length was 
identified in the rfa1-D228Y yku70Δ mutant (Smith et al., 2000). This led the proposal 
that RPA might stimulate 5’ strand elongation by interactions with Ku and Est1 (Luciano 
et al., 2012). The amino acid substitutions in rfa1-t11, rfa1-t48 and rfa1-D228Y alleles 
are at conserved residues between the S. cerevisiae and human proteins. 
1.6 DNA palindromes 
The inherent flexibility of DNA allows the adoption of complex and stable non-B-form 
secondary structures depending on the sequence composition and complexity. Hairpins, 
cruciform and even G-quadraplex form at repetitive sequence or motifs that are 
naturally present in all genomes. Formation of secondary structures has been 
associated with promoting disease and also behaves as fragile sites that stimulate 
DSBs.  Removal and processing of these intermediates is necessary for proper DNA 
metabolism, thus the cell has evolved mechanisms to recognize, process and remove 
aberrant DNA intermediates. 
1.6.1 Large DNA palindromes are gene amplifications observed in cancer 
Advances in DNA sequencing technologies have led to the annotation of a large 
number of diverse and complex genomic rearrangements in cancers. The lack of a 
detailed understanding of the mechanisms underlying these structural changes remains 
a challenge to understand the development of cancer and other human diseases. A 
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common type of gross chromosome rearrangement (GCR) is gene amplification, an 
increase in the copy number of a gene. Whole genome sequencing of cancer samples 
has identified a number of gene amplifications, with the duplicated sequence often 
conferring a growth advantage to promote tumor initiation, metastatic dissemination or 
acquired drug resistance resulting in treatment failure (Tanaka and Yao, 2009). 
Duplicated sequences are clustered segmentally within a genomic region with extra 
copies organized as both direct (head to tail) and inverted (tail to tail) duplications. 
Inverted duplications (also called palindromic duplications) remain difficult to 
characterize with current genomic technologies and advances in this area will likely lead 
to the annotation of additional instances of palindromic duplication in cancer samples. 
Interestingly, palindromic duplications have been identified in metastatic pancreatic 
cancer and ErbB-2 (HER2) positive breast cancers (Campbell et al., 2010; Marotta et al., 
2012). ERBB2 is amplified in 10-20% of invasive breast tumors and a subset of these 
ERBB2 amplifications have a gradient of copy number ranging from 2-14 copies of 
ERBB2 organized in a palindromic manner. Large inverted duplications have also been 
identified in patients with neurodevelopmental disorders (Hermetz et al., 2014). A better 
understanding of the mechanism of palindromic gene amplification has important 
implications for understanding and potentially preventing their occurrence as well as 
addressing the progressive genetic instability in cancer cells. 
1.6.2 Mechanisms of palindromic duplication 
A common intermediate of several mechanisms used to explain palindromic 
amplification is a dicentric isochromosome that undergoes cycles of breakage and 
fusion. A dicentric isochromosome can be formed by fusion of the sister chromatids 
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produced by replication of a chromosome broken in the G1 phase of the cell cycle, or 
with dysfunctional telomeres (Bunting and Nussenzweig, 2013). Asymmetric breakage 
during mitosis results in inverted duplication close to the breakpoint. Short inverted 
repeats have also been shown to drive palindromic gene duplication and formation of 
dicentric chromosomes at DNA double-strand breaks or at stalled replication forks 
(Mizuno et al., 2009; Narayanan et al., 2006; Paek et al., 2009; Yasuda and Yao, 1991) 
(Figure 1-6). Stabilization of a dicentric chromosome by conversion to a monocentric 
chromosome can occur by one of several mechanisms following breakage, including de 
novo telomere addition, deletion of one centromere and capture of an acentric fragment 
from another chromosome resulting in a non-reciprocal translocation (Pennaneach and 
Kolodner, 2009). Studies in yeast have shown breakage of dicentric chromosomes is 
non-random and occurs preferentially at the fusion site in telomere-telomere fusions to 
restore parental karyotype or in a 25-30 kb region adjacent to the centromere for 
dicentric chromosomes lacking telomere fusions (Lopez et al., 2015; Pobiega and 
Marcand, 2010). 
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Figure 1-6. Two mechanisms for the generation of a palindromic chromosome.  
Fusion of sister chromatids at eroded telomeres (top) or foldback between short 
inverted repeats (bottom) can generate large dicentric chromosome. Resolution of the 
dicentric by conversion to monocentric chromosome stabilizes palindromic duplication. 
 
 
1.6.3 Short inverted repeats are important for Tetrahymena development  
A role for inverted repeats was first proposed to explain the formation of palindromic 
short linear chromosomes during nuclear differentiation of Tetrahymena (Yasuda and 
Yao, 1991), The rDNA locus is excised during macronuclear development and a 42 bp 
inverted repeat at one end of the locus is essential for palindrome formation and is 
present at the center of the palindromic duplication, the other end of the rDNA locus 
forms a telomere.  Subsequent studies supported a model whereby annealing of the 42 
bp repeats after end resection initiates palindrome formation and replication generates 
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1.6.4 Inverted repeats lead to palindromic gene amplification in yeast 
Short inverted repeats have also been shown to mediate palindromic gene 
amplification in yeast (Butler et al., 1996; Maringele and Lydall, 2004; Rattray et al., 
2005). Cells defective for telomerase, homologous recombination and the 5’-3’ 
exonuclease, Exo1, are able to survive by a rare mechanism resulting in formation of 
unstable large palindromes. These palindromes undergo periods of expansion and 
contraction in order to preserve essential genes. It was suggested that short inverted 
repeats (5-9 bp) present in the 3’ single-strand DNA (ssDNA) tails formed by limited 
resection of uncapped telomeres undergo intramolecular annealing to form fold-back 
structures. The 3’ end at the fold-back could join to the resected 5’ end after gap filling 
DNA synthesis to form a covalently closed hairpin-capped end; subsequent replication 
would yield a dicentric isochromosome. The dicentric chromosome would be broken if it 
segregated to opposite poles at mitosis and undergo further rounds of fusion and 
breakage resulting in unstable chromosomes with palindromic duplications at the ends.  
A similar mechanism was proposed for the formation of palindromic gene duplication in 
the context of an atypical recombination reporter comprised of trp1 inverted repeats 
separated by ~5 kb of unique sequence. Induction of a targeted DSB within one of the 
trp1 repeats resulted in rare events in which the intervening sequence was duplicated in 
an inverted orientation. Recovery of the palindromic duplications was increased by ~20-
fold in cells lacking Sae2 or expressing the nuclease-defective mre11-H125N allele. 
Sae2 collaborates with the Mre11-Rad50-Xrs2 (MRX) complex to initiate 5’-3’ DNA end 
resection by endonucleolytic clipping of the 5’ strand internal to the DSB and in opening 
of hairpin capped DNA ends (Cannavo and Cejka, 2014; Mimitou and Symington, 2009). 
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Longer inverted repeats function as fragile sites in yeast and stimulate gross 
chromosome rearrangements, including dicentric/acentric chromosome formation, non-
reciprocal translocations and gene amplification (Lemoine et al., 2005; Mizuno et al., 
2009; Narayanan et al., 2006; Paek et al., 2009).  
1.7  RPA: causes and consequences of DNA secondary structures  
First described over 25 years ago, RPA’s biological repertoire continues to grow. 
RPA binds ssDNA to remove secondary structures and to protect it from nucleolytic 
attack. RPA also physically and functionally stimulates many DNA processing proteins 
to promote their functions. Biochemically, we know that RPA tightly binds ssDNA in a 
highly dynamic yet stable manner, consistently poised to hand off the DNA to the next 
factor. However, many fascinating questions remain. To start, why are replication-
competent RPA hypomorphic mutants severely impaired in their response to DSBs? 
What happens to the ssDNA intermediates when RPA becomes dysfunctional? One 
hypothesis is that intra- and interstrand annealing leads to the generation of toxic 
intermediates and promotes repair via mutagenic repair pathways. 
 This thesis aims to elucidate how unscheduled annealing between short 
repeated sequences destabilizes the genome.  We set out to examine the role of RPA 
in repair pathway choice by exploring the contribution of RPA to repair of DSBs by 
mutagenic MMEJ. Evidence suggests that annealing between MH is a spontaneous, 
thermodynamically driven process in yeast and the extremely low frequency of MMEJ 
events suggests that RPA-bound ssDNA would be a natural inhibitor to this process. 
Furthermore, we aim to examine how intra-strand annealing contributes to genome 
instability. What classes of chromosomal rearrangements accumulate when RPA is 
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dysfunctional? Also, because RPA does not operate in isolation, what additional factors 
assist RPA in its preservation of genomic stability? This work has potential implications 
for understanding genetic diseases associated with aberrant chromosome structures as 
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2 Chapter 2: Materials and Methods 
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2.1 Media, growth conditions and genetic methods 
Rich medium (yeast extract-peptone-dextrose, YPD) and synthetic medium (SC) 
were as described (Amberg et al., 2005). All strains were propagated at 30 °C unless 
otherwise noted. 
Saccharomyces cerevisiae strains used in the MMEJ study are listed in Table 2-1. 
All strains are in the W303 background and were generated by PCR fragment-mediated 
gene targeting or by crossing appropriate haploid strains. To generate the MMEJ 
chromosomal system, a PCR generated ade2 fragment with two copies of the 18-bp I-
SceI cut site in an inverse orientation flanked by a 12 bp MH (ade2-ISIR-12MH) was 
used to transform a strain with ADE2 replaced with K. lactis URA3, selection for 5-
fluoroorotic acid (5-FOA) resistance and confirmed by DNA sequencing. The ade2-ISIR-
12MH PCR fragment was synthesized by two-step PCR: the 5’ and 3’ fragments were 
amplified individually and then joined by overlap PCR. The strains used for the plasmid 
ligation assay were made by PCR-mediated gene replacement of the TRP1 locus of 
LSY1099 with kanMX6, removing sequences from 400 bp 5’ to the ORF, the complete 
coding region and associated ARS416 within the 3’ non-coding region. 
The rfa1-t11, rfa1-t33 and rfa1-t48 mutations were introduced into LSY0678 or 
LSY0679 by transformation with NheI-linearized pRDK514, pRDK517 and pRS-
t48/RDK4128, respectively (Chen and Kolodner, 1999; Soustelle et al., 2002). 
Integration was selected for by the plasmid-borne URA3 marker, followed by selection 
on medium containing 5-FOA for clones that had lost URA3. Transformants that had 
replaced the RFA1 allele with desired mutant allele were identified by gamma-radiation 
sensitivity (rfa1-t11) or methyl-methanesulfonate (MMS) sensitivity (rfa1-t33 and rfa1-
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t48). Positive clones were further confirmed by sequencing at the rfa1 locus. A clonNAT 
resistance marker (natMX4) was inserted 254 bp downstream of the RFA1 stop codon 
by transformation. Integration was selected by nourseothricin resistance and confirmed 
by PCR using primers internal to natMX4 cassette and RFA1. rfa1::natMX4 strains were 
then crossed to the ade2-ISIR-12MH strain.  To ensure the natMX4 insertion does not 
interfere with RFA1 function, the untagged rfa1 alleles were also generated with the 
ade2-ISIR-12MH reporter and the resulting strains were shown to have a similar 
phenotype to the tagged versions (data not shown).  RFA1 and rfa1-D228Y expressed 
from 2µ vectors (pWJ583 and pWJ585, respectively) were used for over-expression 
experiments. 
S288C Yeast strains used in the GCR assay are derivatives of RDKY3615 
(MATa ura3-52 leu2Δ1 trp1Δ63 his3Δ200 lys2ΔBgl hom-10 ade2Δ1 ade8) (Table 2-2). 
The sae2Δ deletion strains, LSY2706 and LSY2707, were generated by one-step gene-
replacement of RDKY3615 and RDKY3617, respectively with sae2::KanMX PCR 
products. The mre11-H125N derivatives, LSY3388 and LSY3389, were created by one-
step replacement of RDKY3615 and RDKY3617 with mre11-H125N-NatMX PCR 
products. 
2.2 Yeast strains used 
 
Table 2-1 W303 yeast strains used 
Strain Genotype Source 
LSY0678 MATa R. Rothstein 
LSY0679 MATα R. Rothstein 





LSY2000 MATa trp1ars416::kanMX This study 
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LSY2013-1D MATa trp1ars416::kanMX yku70::HIS3 This study 
LSY2577-8A MATα trp1ars416::kanMX sae2::KanMX This study 
LSY2373-
13A MATa trp1ars416::kanMX sae2::KanMX yku70::HIS3 This study 
LSY2573-
12B MATa trp1ars416::kanMX sgs1::HphMX This study 
LSY2574-1B MATα trp1ars416::kanMX exo1::HIS3 This study 
LSY2574-6B MATa trp1ars416::kanMX exo1::HIS3 sgs1::HphMX This study 
LSY2956-8D MATα ade2-IsIR-12MH lys2::PGAL-I-SceI This study 
LSY2957-2B MATa ade2-IsIR-12MH lys2::PGAL-I-SceI sae2::KanMX This study 
LSY2999-6C MATα ade2-IsIR-12MH lys2::PGAL-I-SceI yku70::HIS3 This study 
LSY3006-
13B MATa ade2-IsIR-12MH lys2::PGAL-I-SceI dnl4::KanMX This study 
LSY3013-3C MATα ade2-IsIR-12MH lys2::PGAL-I-SceI sgs1::HphMX This study 
LSY3013-
15B MATa ade2-IsIR-12MH lys2::PGAL-I-SceI exo1::URA3 This study 
LSY3013-
16C 
MATa ade2-IsIR-12MH lys2::PGAL-I-SceI sgs1::HphMX 
exo1::URA3 This study 
LSY3014-1C MATα ade2-IsIR-12MH lys2::PGAL-I-SceI rad51::LEU2 This study 
LSY3014-3B MATα ade2-IsIR-12MH lys2::PGAL-I-SceI rad52::TRP1 This study 
LSY3014-
17C 
MATα ade2-IsIR-12MH lys2::PGAL-I-SceI rad51::LEU2 
rad52::TRP1 This study 
LSY2997-
12D 
MATα ade2-IsIR-12MH lys2::PGAL-I-SceI rfa1-D228Y-
NatMX This study 
LSY2996-1A MATα ade2-IsIR-12MH lys2::PGAL-I-SceI rfa1-t33-NatMX This study 
LSY2995-6C MATα ade2-IsIR-12MH lys2::PGAL-I-SceI rfa1-t48-NatMX This study 
LSY3012-1A MATα ade2-IsIR-12MH lys2::PGAL-I-SceI rfa1-t11 This study 
LSY3006-3B MATa ade2-IsIR-12MH lys2::PGAL-I-SceI mre11-H125N-URA3 This study 
LSY3011-1D MATα ade2-IsIR-12MH lys2::PGAL-I-SceI mre11::KlURA3 This study 
LSY2900-
13A MATa ade3::PGAL-HO This study 
LSY2900-5D MATa ade3::PGAL-HO rfa1-D228Y This study 
LSY2629-9A MATα hml∆ hmr∆ ade3::PGAL-HO rfa1-D228Y This study 
LSY2509-2D MATa hmlΔ hmrΔ bar1::URA3 ade3::PGAL-HO This study 
LSY2726-
38A MATα hml∆ hmr∆ ade3::PGAL-HO rfa1-t33 This study 
LSY2727-7C MATα hml∆ hmr∆ ade3::Gal-HO rfa1-t48 This study 
LSY3015-
21C 
MATα ade2-IsIR-12MH lys2::pGAL-IsceI rfa1-D228Y-
NatMX rad51::LEU2 This study 
LSY3015-
33D 
MATα ade2-IsIR-12MH lys2::pGAL-IsceI rfa1-D228Y-
NatMX rad52::TRP1 This study 
LSY3010-
15A 
MATa ade2-IsIR-12MH lys2::pGAL-IsceI rfa1-t33-NatMX 
sae2::KanMX  This study 
*All strains are of the W303 genotype (leu2-3, 112 trp1-1 ura3 can1 his3-11, 15 ade2-1), 
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only mating type and other relevant genotypes are listed. 
 
 Table 2-2 S288C Strains used 
   
Strain Genotype Source 
RDK 3615 MATa CAN1 yel069C::URA3 Chen & Kolodner 
1999 
RDK 2503 MATa CAN1 yel069C::URA3 rfa1-t33 Chen & Kolodner 
1999 
LSY 2706 MATa CAN1 yel069C::URA3 sae2::KanMX This Study 
LSY 2707 MATa CAN1 yel069C::URA3 sae2::KanMX rfa1-t33 This Study 
LSY 3388 MATa CAN1 yel069C::URA3 mre11-H125N-NatMX This Study 
LSY 3389 MATa CAN1 yel069C::URA3 mre11-H125N-NatMX 
rfa1-t33 
This Study 
Strains listed are S288c background (ura3-52 leu2∆1 his3∆200 lys2∆Bgl hom3-10 
ade2∆1 ade8); only the mating type and relevant genotypes are shown. 
 
 
2.3 Chromosomal MMEJ assay 
Cells were grown to mid-log phase in YPL (1% yeast extract; 2% peptone; 3% 
lactic acid, pH 5.5), serial dilutions were then plated on YPL with 1% glucose or YPL 
with 1% galactose. Plates were incubated at 30°C for 3-5 days. The frequency of 
survival was determined by the number of colony forming units (CFU) on galactose 
containing plates divided by the number of CFUs on the glucose containing plates. Ade+ 
events were scored by the appearance of white colonies.  DNA sequencing was initially 
used to distinguish between Ade+ MMEJ and NHEJ events and later a PCR assay was 
used because the two classes of events result in products of different lengths. Ade- 
MMEJ and NHEJ events were differentiated by three-primer PCR. PCR products were 
purified and verified by DNA sequencing.  The other classes of Ade- end joined events 
recovered from the yku70Δ, dnl4Δ and rfa1 strains were amplified using nested primers 
flanking the ade2 locus and sequenced to identify the junctions. Because the Ade- 
MMEJ events could only be detected by PCR and represent only ~5% of the Ade- 
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products in the wild-type strain we could not accurately calculate their frequency, except 
in the NHEJ defective and hyper-MMEJ rfa1 mutants, and no error bars are shown in 
Table 4-1 or the Figures. To compare the Ade- MMEJ events from strains with similar 
frequencies of Ade- survivors the Fisher exact test was used taking the total number of 
events analyzed from multiple trials. 
For RFA1 and rfa1-D228Y over-expression, cells were grown in synthetic 
complete medium lacking leucine (SC-LEU) with 2% raffinose substituted for glucose 
and plated on SC-LEU + 2% glucose or SC-LEU + 2% galactose. Cells were grown for 
3-5 days at 30°C. Classes of repair events were categorized as described above.  
2.4 Plasmid end-joining assay 
The linear end joining substrate was amplified from the pLL111 plasmid using 
primers that anneal to sequences 320 bp upstream and 340 bp downstream of the 
TRP1 ORF and associated ARS416 (Langston and Symington, 2004). The primers 
were designed with the desired length of microhomology at the ends of the PCR 
fragment or with no homology at the ends (Decottignies, 2007). Phusion polymerase 
(New England Biolabs) was used to avoid 3’ dA overhangs. PCR products were gel 
purified prior to transformation of yeast cells. 100 ng of each linear substrate or circular 
pLL111 was used to transform mid-log phase cells selecting for Trp+ transformants. The 
frequency of end joining was determined by the number of Trp+ transformants derived 
from the linear fragment relative to pLL111. The junctions formed by end joining were 
amplified by PCR from at least 16 independent Trp+ colonies from the blunt end or 12 
bp MH substrates and then sequenced.  
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2.5 Mating-type switching and end-resection assays 
The mating type switching assay was performed as previously described(Mimitou 
and Symington, 2008). Briefly, HO-endonuclease expression was induced by addition of 
2% galactose to cells grown in YPL.  After one hour, cells were collected and 
resuspended in YPL + 2% glucose to prevent HO expression and allow repair by gene 
conversion. Samples were collected at indicated time points and genomic DNA was 
extracted and digested by StyI for Southern blot analysis. To detection of the HO-cut 
fragment and repaired products, a probe was generated by PCR amplification of MAT 
sequences distal to the HO-cut site (coordinates 201176–201580 on chromosome III 
sequence). End resection was measured by a similar protocol except the strains used 
lack the HML and HMR loci preventing gene conversion repair and HO was expressed 
continuously through the time course. The MAT-2.6 kb probe was used (coordinates 
204184–204893 on chromosome III) was used to detect the fragment 2.6 kb distal to 
the HO-cut site, A POX1 probe (coordinates 108631-109001 on chromosome XII) was 
used for normalization of band intensities using Image J (NIH). DSB end resection for 
each time point was estimated as a ratio of the signal intensity corresponding to that 
before induction and represents the mean of 3 independent experiments. 
2.6 Western blot analysis of Rfa1 
Whole-cell extracts prepared by trichloroacetic acid precipitation were analyzed by 
SDS-PAGE and western blotting with antibodies to S. cerevisiae Rfa1 (Agrisera, AS07-
214, 1:5,000) and antibodies to α-tubulin (Sigma-Aldrich, T9026, 1:1,500) as a loading 
control. 
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2.7 Purification of wild type and mutant RPA 
The rfa1-t33 and rfa1-t48 mutations were generated using the Q5 site-directed 
mutagenesis kit (New England Biolabs) with RPA-eGFP (p11d-tscRPA_30gfphis6) and 
unlabeled RPA (p11d-tscRPA_30MxeHis6) plasmids as templates. The mutations were 
verified by DNA sequencing.   
The RPA mutants, both eGFP and untagged versions, were expressed in 
BL21DE3 cells overnight at 16 °C. Pellets from 3L of cells were resuspended in Ni-Lysis 
buffer (50mM NaKPO4 pH 8.0, 150mM NaCl, 10mM Imidazole) and frozen at -80 °C. 
Purification of RPA-eGFP, RPA(t33)-eGFP and RPA(t48)-eGFP was performed as 
described(Gibb et al., 2012; Gibb et al., 2014a) . Briefly, the clarified lysate after 
sonication and centrifugation was applied to a 8 ml Ni-NTA column and washed with 40 
ml of Ni-Wash buffer (50mM NaKPO4 pH 8.0, 150 mM NaCI, 20 mM imidazole). The 
protein was eluted in approximately 25 ml of Ni-Elution buffer (50 mM NaKPO4 pH 8.0, 
150 mM NaCl, 200 mM imidazole) and dialyzed overnight against 1L buffer (40 mM 
NaCl, 20 mM Tris-HCl pH 7.4, 1 mM DTT, 0.5 mM EDTA). The dialyzed protein was 
applied to MonoQ (5/50 GL: GE Healthcare) and developed with a gradient from 4-30% 
Buffer B (1 M NaCl, 20 mM Tris-HCl pH 7.4, 1 mM DTT, 0.5 mM EDTA) over 100 
column volumes (CV). MonoQ fractions containing RPA were pooled and the MonoQ 
chromatography step repeated to increase protein purity. The pooled fractions 
corresponding to RPA-eGFP heterotrimeric complex were pooled, concentrated, 
dialyzed into storage buffer (100 mM NaCl, 20 mM Tris-HCl pH 7.4, 1 mM DTT, 50% 
glycerol), and aliquotted for storage at -80 °C. 
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Unlabeled RPA, RPA(t33) and RPA(t48) purification was identical to the RPA-
eGFP tagged versions until the after Ni-NTA elution. The Ni-elution was directly applied 
to a 10 ml Chitin column, and washed with 4 CVs of chitin wash buffer (CWB: 20 mM 
Tris-HCl pH 8.0, 250 mM NaCl, 1 mM EDTA). The column was then exchanged into 
CWB containing 50 mM DTT and incubated overnight at 4 °C to allow for intein-
mediated cleavage. The cleaved protein was collected as flow through and 
concentrated to approximately 5 ml. The concentrated protein was applied to a 
Superdex 200 16/60 column (GE Healthcare) and run with 40 mM Tris-HCl pH 7.4, 150 
mM NaCl, 1 mM EDTA, 1 mM DTT buffer. Fractions corresponding to pure 
heterotrimeric complex were pooled, concentrated, dialyzed into storage buffer, and 
aliquotted for storage at -80 °C. Concentrations of unlabeled RPA and RPA-eGFP 
variants were determined using the extinction coefficients 8.8 x 104 and 1.16 x 106, 
respectively, at 280 nM. 
2.8 Strand annealing assays 
Annealing of 32P-labeled 48-mer oligonucleotide (oligo-25) with the complementary 
unlabeled oligonucleotide (oligo-26) was performed as previously described (Davis and 
Symington, 2001; Sugiyama et al., 1998). Briefly, the reaction buffer contained 30 mM 
Tris-Cl (pH 7.5), 5 mM MgCl2, and 1 mM DTT. DNA concentrations were 200 nM and 
RPA concentration was 30 nM in all reactions. Reactions were initiated by the addition 
of unlabeled oligo-26 and quenched by the addition of excess unlabeled oligo 25. 
Annealing was monitored by separation through 12% polyacrylamide in 1x TBE buffer. 
Results were visualized by phosphoimager and quantified with the ImageJ software. 
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2.9 Flow cells and DNA curtains 
Chromium barriers were fabricated on fused silica microscope slides using electron-
beam lithography, as described previously (Gibb et al., 2012; Greene et al., 2010). 
Flowcells and lipid bilayers were prepared as described (Gibb et al., 2012; Greene et al., 
2010). Single-stranded DNA substrates were generated by rolling circle replication, as 
described  (Gibb et al., 2012).  The ssDNA was coupled to the bilayer through a biotin-
streptavidin linkage and aligned at the barriers by application of buffer flow.  
DNA curtain experiments were performed using a prism-type TIRF microscope 
(Nikon) with two back-illuminated iXon EMCCDs (Andor Technology). Illumination was 
provided by a 200 mW, 488-nm laser and a 200 mW, 561-nm laser (Coherent, Inc.). 
Intensity at prism face was ~14 mW and ~25 mW for the 488-nm and 561-nm lasers, 
respectively. Fluorescence signals were separated by a filter cube equipped with a 
dichroic mirror (ZT561rdc), band pass filter (ET525/50m), and long pass filter 
(ET575lp)(Chroma Technology Corp.). 
For visualizing the RPA-ssDNA complexes, RPA-eGFP or mutant RPAs (100 pM) 
were injected at 30 °C in HR buffer (30 mM Tris-acetate (pH 7.5), 5 mM Mg-acetate, 50 
mM KCl, 1 mM DTT, 2.5 mM ATP and 200 µg ml-1 BSA). Reactions were allowed to 
continue for 20 minutes, and then chased with RPA-mCherry (100 pM). Throughout the 
experiments, 100 msec images were captured at 2-second intervals, and data collection 
continued for a period of 40 minutes. The resulting videos were used to generate 
kymographs, and integrated signal intensities were measured over the entire length of 
the ssDNA molecules. For quantitation, all data were normalized and corrected for 
background using a region of the slide surface without any ssDNA. 
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2.10 GCR assays and PCR mapping 
Selection for GCR events was performed using synthetic complete medium 
without arginine containing 1mg/mL 5-fluoroorotic acid (5-FOA) and 60µg/mL 
cananvanine (CAN) as described.  Fluctuation assays to determine the rate of GCRs 
were performed as described (Putnam). Briefly, 5 independent cultures were grown in 
YPD and appropriate dilutions were plated on YPD and SC-Arg+CAN+5-FOA. The SC-
Arg+CAN+5-FOA plates were incubated for 4-6 days. Mutation rates were calculated by 
fluctuation analysis using the method of the median. The mutation rate presented is the 
mean of at least three trials. PCR mapping and amplification of the junction were 
performed as previously described (Schmidt et al., 2006). Physical analysis of inversion 
duplications was performed by digesting 3µg of genomic DNA with 20 units of the 
indicated restriction endonucleases; digested genomic DNA was then separated by 
electrophoresis and transferred to Biobond-Plus nylon membrane (Sigma) for 
hybridization. We isolated genomic DNA for PCR mapping, physical analysis and 
bisulfite sequencing using the glass bead method 
2.11 PFGE and yCGH 
Samples for PFGE were obtained from 7 mL saturated yeast cultures in YPD. 
Cells were embedded in low-melt agarose and lysed as previously described (Amberg 
et al., 2005). Chromosomes were separated by CHEF-DR II Pulsed-Field 
Electrophoresis system (BioRad) following a published protocol (Argueso et al., 2008). 
Chromosomes were transferred to nylon membranes and hybridized with a radiolabeled 
PCM1 probe to identify Ch V rearrangements. Agarose plugs were melted and the DNA 
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was sonicated, extracted and labeled for microarray hybridization as previously 
described (Zhang et al., 2013). 
2.12 Bisulfite sequencing 
2 µg of genomic DNA was treated with the EpiMark Bisulfite Conversion kit (New 
England Biolabs) according to the manufacturers instructions. Bisulfite treated DNA was 
used for PCR amplification using EpiMark Hot Start Taq DNA Polymerase (New 
England Biolabs) according to the manufacturers instructions. 
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3 Chapter 3: Results  


















The results presented in this chapter have been published as: 
 
Deng SK, Gibb B, de Almeida MJ, Greene EC, Symington LS. (2014) RPA antagonizes 
microhomology-mediated repair of DNA double-strand breaks. Nature Structural & 
Molecular Biology; 21, 405-412 
 
BG purified RPA complexes and performed DNA curtain experiments 
 
MJdA assisted with end joining assays in rad51Δ and rad52Δ derivatives  
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Mechanisms of microhomology mediated end joining 
This chapter aims to elucidate the mechanisms that mediate microhomology-mediated 
end joining (MMEJ) in Saccharomyces cerevisiae. As mentioned in Chapter 1, MMEJ is 
a Ku and Ligase IV independent mechanism for the repair of chromosomal DSBs, which 
contributes to chromosome rearrangements. Previous studies on MMEJ (and the 
parallel mechanism in mammalian cells broadly termed alternative end joining) have 
largely focused on the requirement for resection in this pathway. We (and others) 
observed a decreased frequency of MMEJ when the resection machinery is 
disassembled. The low frequency of MMEJ low suggested that MMEJ may be actively 
suppressed, either by a specific repressive factor or indirectly by promoting a different 
repair pathway (such as HR). This led to the exploration of the requirement for 
annealing between the microhomologies by examining the influence of rfa1 
hypomorphic mutants on MMEJ. RPA has a central role in DNA repair, chaperoning 
ssDNA from one step to the next.  
3.1 Chromosomal end joining system 
We developed a chromosomal end-joining assay to elucidate the role of resection 
initiation in directing repair by MMEJ or NHEJ in yeast. Two inverted 18-bp I-SceI 
endonuclease cleavage sites separated by a 4 bp linker and flanked by 12 bp direct 
repeats corresponding to ADE2 coding sequence were inserted within the ADE2 ORF, 
inactivating the gene. Inverted I-SceI cut sites were used to minimize multiple cycles of 
repair by accurate ligation and re-cleavage by I-SceI (Ma et al., 2003). The 12 bp 
repeats were designed to restore the ADE2 coding region when repair occurs by MMEJ 
(Figure 3-1, 3-2). Yeast ade2 mutants accumulate a red pigment resulting in formation 
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of red colonies, whereas wild type ADE2 cells form white colonies; thus, repair by 
MMEJ is directly scored by formation of white Ade+ colonies. Other types of end joining 
generate red Ade- colonies. The haploid strains used express the gene encoding I-SceI 
from the galactose inducible GAL1-10 promoter stably integrated at the lys2 locus. End 
joining is the only mechanism available to repair the I-SceI generated DSB because 
there is no homologous template and survival is measured by the plating efficiency of 
cells on medium containing galactose (I-SceI on) compared with medium containing 
glucose (I-SceI off).  
 
Figure 3-1. Schematic representation of the chromosomal end-joining assay  
Most of the Ade+ survivors use the 12 bp direct repeats flanking the DSB to restore the 
ADE2 coding region. Ade- end joining products result from NHEJ, or from MMEJ 
between naturally occurring imperfect 16 bp repeats located 5 kb apart; PCR is used to 
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Figure 3-1. Schematic representation of the chromosomal end-joining assay. 
Most of the Ade+ survivors use the 12 bp direct repeats flanking the DSB to restore 
the ADE2 coding region. Ade- end joining products result from NHEJ, or from MMEJ 
between naturally occurring imperfect 16 bp repeats located 5 kb apart.  
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The survival frequency of wild-type cells was 0.0036 and a majority (~98%) of 
survivors were Ade- (Figure 3-3, Table 3-1). DNA sequencing revealed that 95% of the 
Ade- survivors repaired the DSB by NHEJ and most used the 2 bp MH within the 3’ 
ATAA overhangs produced by I-SceI cleavage (Figure 3-2). The remaining Ade- events 
resulted from MMEJ between imperfect 16 bp repeats (2 mismatches within 18 bp) 
located 5 kb apart (Table 3-3). Ade+ survivors were also sequenced and 31/37 used the 
12 bp MH, but, unexpectedly, six events were due to NHEJ using the 2 bp MH within 
the 3’ overhangs associated with a frame-shift, or by deletion of 4 bp, to restore the 
ADE2 reading frame (Figure 3-2).  The Ade+ NHEJ events represent <1% of the total 
NHEJ events and are combined with the Ade- NHEJ class in Table 3-1.  
 
Figure 3-2. I-SceI cut site and repair sequences  
A) Sequence of Inverted I-SceI site and 12 bp microhomology B) I-SceI cut site with 
resulting overhangs C) Main classes of NHEJ events D) NHEJ events that yield an Ade+ 
phenotype. Deletion of any one of the five indicated nucleotides or GATA (4 consecutive 
nucleotides) restores the ADE2 reading frame to yield Ade+ NHEJ events E) MMEJ 
using 12 bp microhomology 
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Table 3-1. Frequency of end joining in wild type and mutant strains 








WT 33.7±10.0  1.77 0.56±0.25  12 
yku70Δ ND3 0.59 0.79±0.14  5 
dnl4Δ ND 0.63  0.45±0.14  4 
sae2Δ 265±57.7  ND 0.96±0.58 6 
sae2Δ yku70Δ ND 0.94 1.61±0.46 4 
mre11-H125N 165±43.0  2.86  0.87±0.40  4 
mre11Δ ND 0.55  3.22±0.95  5 
exo1Δ 55.4±11.2  1.58 1.16±0.45 4 
sgs1Δ 35.4±8.86  3.21  0.68±0.32  5 
exo1Δ sgs1Δ 30.7±8.36 ND 13.7±3.23 4 
exo1Δ sgs1Δ 
yku70Δ 
ND ND 15.4±3.53 3 
rad51Δ 17.1±8.65  4.78  3.16±0.91  4 
rad52Δ 13.1±5.35  2.72 1.90±0.75 4 
rad51Δ rad52Δ 23.9±10.2  2.47  2.84±0.56  4 
rfa1-D228Y 15.6±2.10 19.1 69.2±17.5 5 
rfa1-t33 23.3±4.07 23.3 47.5±16.5 5 
rfa1-t48 61.8±32.6 41.2 196±63.3 4 
rfa1-t11 24.0±6.10 ND 0.45±0.26 4 
rfa1-D228Y rad51Δ 28.6±11.9 11.8 137±17.6 3 
rfa1-D228Y rad52Δ 21.8±4.75 53.3 152±18.9 3 
rfa1-t33 sae2Δ 137±19.3 ND 14.6±2.86 6 
	  
1Ade- and Ade+ NHEJ events are combined 
2The frequency of Ade- MMEJ could not be accurately assessed in most strains because it 
represents a minor class of the Ade- survivors as determined by PCR analysis. 
3ND: Not detected. 
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Survival of yku70Δ and dnl4Δ mutants was reduced by >24-fold as compared to 
wild type. The Ade- and Ade+ events due to joining via the 2 bp MH within the I-SceI 
generated overhangs were eliminated in the yku70Δ and dnl4Δ mutants consistent with 
their formation by NHEJ. Although 53.0 and 39.1% of survivors in the yku70Δ and dnl4Δ 
mutants, respectively, were Ade+ due to MMEJ at the 12 bp MH, the absolute frequency 
of these events was the same as wild type (Figure 3-3). The majority of Ade- survivors 
recovered from the yku70Δ and dnl4Δ mutants were formed by MMEJ using the 16 bp 
MH, but other MHs were identified at the junctions at a lower frequency (Table 3-2B). 
Consistent with previous studies(Lee and Lee, 2007; Ma et al., 2003; Milne et al., 1996; 
Moore and Haber, 1996), we found the frequency of survivors to be greatly reduced in 
the mre11Δ mutant due to loss of NHEJ; however, the frequency of Ade+ MMEJ was 
higher than wild type (P=0.0001) (Figure 3-3). 
 
Figure 3-3. MMEJ is Ku70 and Dnl4 -independent 
A) Graphs showing survival frequencies of the indicated strains and B) distribution of 
MMEJ events. Mean values are shown and error bars represent standard deviation 
(s.d.) from the mean. WT refers to wild type, other refers to Ade- MMEJ events which 
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Figure 3-3. MEJ is yku70Δ and dnl4Δ -independent. A) Graphs showing survival 
frequencies f the indic ted strains and B) distribution of MMEJ events. Mean values 
are show  and error bars prese t standard deviation (s.d.) from th  mean. WT 
refers to wild type, other refers to Ade- MMEJ events which used MH other than the 
16 bp interrupted MH (see Table 3-2) 
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3.2 Resection initiation prevents NHEJ repair of DSBs 
Survival of the sae2Δ mutant was increased by 7.4-fold relative to wild type due 
to an increased frequency of NHEJ (Figure 3-4A). The absolute frequency of MMEJ 
using the 12 bp MH was similar to wild type, but no Ade- MMEJ events were detected. 
Only 5 of 100 Ade- survivors tested from wild type were due to MMEJ so the failure to 
detect one event among 120 analyzed from the sae2Δ mutant is not unexpected given 
the large increase in the NHEJ frequency. Similarly, survival and NHEJ increased by 
4.7-fold in the mre11-H125N mutant (defective for the Mre11 nuclease activity) with no 
alteration in the frequency of MMEJ. End resection of endonuclease-induced DSBs is 
delayed in mre11Δ, mre11-H125N and sae2Δ mutants, but still occurs as a result of 
Exo1 and Sgs1-Dna2 activities. Since the triple mutants are inviable (Mimitou and 
Symington, 2008), we could not assess the contribution of Sgs1-Dna2 and Exo1 to 
MMEJ in the absence of Mre11 or Sae2.   
 
Figure 3-4. Role of resection in end joining 
Graphs showing survival frequencies (left) and distribution of MMEJ products (right) in 
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Table 3-2A. Major microhomologies used 
   Microhomology1 Distance from break (bp) 
12 bp MH  CCA GTG AGA CGT 12 / 9 
16 bp iMH  AGC AGG TCC CCA AAG TGT 32 / 5377 
 
 
Table 3-2B. Alternative microhomologies used 
Genotype no. of events Microhomology1 Distance from break (bp) 
yku70Δ 
1 GCT ATT CCT TCA 4828 / 5539 
1 ATG CAG AA 304 / 2107 
1 AAA TGA GGC CTA TTG 4374 / 2277 
dnl4Δ 2 AAA TGA GGC CTA TTG 4374 / 2277 
rfa1-t33 1 ATT TTT GAC GCC CTT CT 1383 / 5279 
rfa1-D228Y 1 TGA TCA AGA ATG T 4812 / 4067 
1 AAA TGA GGC CTA TTG 4374 / 2277 
rfa1-t48 1 ACA GG 0 / 4194 
1 CCA GGC CGG T 19 / 3241 
 
1 Bold font indicates a mismatch 
 
3.3 Examining MMEJ using a plasmid end joining system – roles for Sae2 and 
Ku  
To further assess the role of Sae2 in MMEJ, a plasmid-based end-joining assay 
was used. Intra-molecular joining between the ends of a PCR-generated DNA fragment 
containing TRP1 and the ARS416 replication origin creates an autonomous replicon, 
detected by formation of Trp+ transformants (Figure 3-5A).  Primers were designed to 
create a substrate for blunt end joining (0 MH), or with an embedded direct repeat of 8, 
12 or 16 bp to promote joining by MMEJ. We found blunt end joining is infrequent, but 
incorporation of repeats within the primers resulted in a length dependent increase in 
transformation frequency (Figure 3-5B). The frequency of Trp+ transformants from the 0 
MH substrate was increased by 5-fold (P=0.01) in the sae2Δ mutant compared with wild 
type (Figure 3-5C), but no significant change in the frequency of MMEJ was observed. 
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Sequence analysis of junctions derived from the 12 MH substrate in the sae2Δ mutant 
revealed that 23/27 were formed by MMEJ, whereas all were due to MMEJ in wild type, 
indicating a subtle defect in MMEJ in the absence of Sae2 (Figure 3-5D). Together, 
these results show that Sae2 prevents NHEJ, but is not essential for MMEJ in yeast. 
 
Figure 3-5. MMEJ is Ku-independent and partially Sae2 dependent  
A) Linear substrate for blunt end joining (0 MH) or with a direct repeat (8-16 bp) to 
promote repair by MMEJ.  
B) End joining frequencies of the indicated strains; transformations were performed in 
triplicate and error bars show SD.  
C) The fraction of precise blunt end joining as determined by sequencing at least 16 
independently derived Trp+ clones of the indicated genotypes.  
D) The percent of circularization events that utilize the 12 bp MH as determined by 
sequencing 15-27 clones.  
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3.4 Extensive resection is not required for proximal MMEJ 
Exo1 and Sgs1-Dna2 act in parallel to degrade the 5’ ends of DSBs generating 
extensive tracts of ssDNA. In the absence of Exo1 and Sgs1-Dna2, resection by MRX-
Sae2 removes nucleotides from the 5’ ends in increments of ∼100 nt, but the 3’ ssDNA 
tails rarely exceed 700 nt (Mimitou and Symington, 2008; Zhu et al., 2008). Thus, we 
predicted the limited MRX-Sae2 dependent resection in the exo1Δ sgs1Δ mutant would 
be sufficient for MMEJ at the 12 bp repeats, but not for the Ade- MMEJ events.  There 
was a small, but significant increase in both NHEJ and Ade+ MMEJ events in the exo1Δ 
mutant (P<0.05), but no alteration in the frequency or spectrum of events in the absence 
of Sgs1 (Figure 3-6). The frequency of Ade+ MMEJ increased by 24-fold in the exo1Δ 
sgs1Δ mutant indicating that loss of extensive resection promotes MMEJ close to the 
DSB, and, as anticipated, no Ade- MMEJ events were recovered (Figure 3-6). Because 
Ade- survivors are primarily due to NHEJ, we created a yku70Δ derivative of the exo1Δ 
sgs1Δ mutant to ensure no contribution from NHEJ and found all of the survivors from 








Figure 3-6. Extensive resection is not 
required for MMEJ when MHs are 
close to the break site 
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3.5 RPA suppresses MMEJ 
As resection is not limiting for end joining via the 12 bp MH, but the frequency of 
chromosomal MMEJ is very low, we considered the possibility that annealing is the 
limiting process. RPA removes secondary structures from ssDNA suggesting that it may 
prevent annealing between MH (Chen et al., 2013; Sugiyama et al., 1998). Furthermore, 
Smith and Rothstein identified a hypomorphic allele of RFA1 in a screen for 
suppressors of the SSA defect of the rad52Δ mutant, indicating that Rad52 catalyzed 
ssDNA annealing is no longer needed when RPA is defective (Smith and Rothstein, 
1995, 1999). Thus, we predicted the frequency of MMEJ would be elevated in the rfa1-
D228Y mutant.  Indeed, the frequency of Ade+ and Ade- MMEJ events increased by 
124-fold and 14-fold, respectively, in the rfa1-D228Y background, resulting in higher cell 
survival in response to the DSB (Figure 3-7A and Table 3-1). The frequency of Ade- 
NHEJ remained at a similar level to wild type and no Ade+ NHEJ events were recovered.  
The defect of the rfa1-D228Y mutant could be due to reduced abundance of the 
RPA(D228Y) complex or to an alteration in DNA binding by the mutant complex. Smith 
and Rothstein showed that over-expression of rfa1-D228Y could partially suppress the 
UV-sensitivity and hyper-recombination phenotype of the rfa1-D228Y mutant (Smith and 
Rothstein, 1995). We verified that the steady state level of rfa1-D228Y is reduced 
relative to Rfa1 (Figure 3-7B), but found that over-expression of the rfa1-D228Y allele in 
the rfa1-D228Y background did not reduce MMEJ, whereas over-expression of RFA1 
resulted in a full suppression (Figure 3-7C).  
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Figure 3-7. Annealing between MH is prevented by RPA 
A) Graph showing survival frequencies and distribution of end joining events in rfa1 
hypomorphic mutants. All NHEJ events detected in the rfa1-D228Y, rfa1-t33 and rfa1-
t48 mutants were Ade-.  
B) Western blot of steady-state protein levels of the indicated rfa1 mutants.  
C) Graph showing survival frequencies and distribution of end joining events in strains 
over-expressing RFA1 or rfa1-D228Y in the rfa1-D228Y background.  
 
Since rfa1-D228Y was identified in a screen for mutations that suppressed the 
rad52Δ direct repeat recombination defect, the increase in MMEJ could be due to a 
specific property of this allele rather than a general perturbation of RPA binding to 
ssDNA. The rfa1-t48 (L221P), rfa1-t33 (S373P), and rfa1-t11 (K45E) mutations were 
isolated by screening for RFA1 alleles that confer a temperature sensitive, UV- or MMS- 
sensitive phenotype (Chen et al., 1998). Like rfa1-D228Y, rfa1-t48 and rfa1-t33 contain 
point mutations in the DNA binding domains, while rfa1-t11 has a mutation in the DNA 
Polα interaction domain. The rfa1-t48 and rfa1-t11 mutants exhibit recombination 
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defects, and rfa1-t11 is also defective for SSA (Chen et al., 1998; Soustelle et al., 2002). 
The SSA defect of the rfa1-t11 mutant is not due to decreased end resection, and in 
vitro studies demonstrated that Rad51 more slowly displaces RPA(t11) from ssDNA 
than wild-type RPA (Kantake et al., 2003; Lee et al., 1998). The rfa1-t33 and rfa1-t48 
mutations increased the frequency of Ade+ MMEJ by 85 and 350-fold, respectively as 
compared to wild type, while MMEJ was unaffected by the rfa1-t11 mutation (Figure 3-
7A). The steady state protein level of the mutant rfa1 proteins was 61-80% of wild type 
level and did not correlate with the MMEJ frequency (Figure 3-7B). Since the Ade- 
MMEJ events require resection of 5 kb, and this class of events also increased in the 
rfa1-D228Y, rfa1-t33 and rfa1-t48 mutants, it seems unlikely that the increased use of 
MHs in the rfa1 mutants is due to an extensive resection defect. However, to address 
this concern we measured end resection from an HO endonuclease-induced DSB in the 
rfa1-D228Y, rfa1-t33 and rfa1-t48 mutants by Southern blot hybridization, and found the 
mutants to be resection proficient (Figure 3-8). These data suggest that the interaction 
between RPA and ssDNA is a critical determinant for repair by MMEJ. 
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Figure 3-8. End resection and strand invasion in the rfa1 mutants  
A) Schematic representation of the band disappearance resection assay. Loss of the 
0.7 and 2.6 kb away fragments indicate resection has proceeded beyond the Styl (S) 
and XbaI (X) restriction sites rendering them single-stranded and resistant to digestion. 
The red lines indicate the location of probes used to detect the 0.7kb and 2.6 kb distal 
restriction fragments.  
B) Southern blot of StyI and XbaI digested genomic DNA isolated from wild type, rfa1-
D228Y, rfa1-t33, and rfa1-t48 cells. 
C) Quantification of resection 0.7 kb and 2.6 kb away from the HO cut site. 
 
In addition to MMEJ mediated by the 12 and 16 bp MHs, we identified other MHs 
used for repair in the rfa1 hyper-MMEJ mutants (Table 3-2B). In RFA1 cells, the only 
MMEJ events detected were mediated by the 12 and 16 bp MH; however, junctions with 
shorter MHs or MHs with more interruptions and mismatches were recovered from the 




Figure 3-8. End resection and strand invasion in the rfa1 mutants.  
A) Schematic representation of the band disappearance resection assay. Loss of the 
0.7 and 2.6 kb away fragments indicate resection has proceeded beyond the Styl (S) 
and XbaI (X) restriction sites rendering them single-stranded and resistant to 
digestion. The red lines indicate the location of probes used to detect the 0.7kb and 
2.6 kb distal restriction fragments.  
B) Southern blot of StyI and XbaI digested genomic DNA isolated from wild type, 
rfa1-D228Y, rfa1-t33, and rfa1-t48 cells. 
C) Quantification of resection 0.7 kb and 2.6 kb away from the HO cut site. 
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yku70Δ and dnl4Δ mutants but the frequency was >10-fold lower than found for the rfa1 
mutants. Therefore, mutations that impair Rfa1 DNA binding allow for more 
promiscuous annealing. 
Although end resection is not limiting for MMEJ in wild-type cells, we considered 
the possibility that Sae2 would be required if the constraint on MH annealing was 
reduced. Surprisingly, we were unable to generate an rfa1-D228Y sae2Δ or rfa1-t48 
sae2Δ double mutant (Figure 3-9).  The rfa1-D228Y rad51Δ and rfa1-D228Y rad52Δ 
mutants are viable indicating that the rfa1-D228Y sae2Δ lethality is not due to an 
increased need for HR in the rfa1-D228Y background. It is possible that promiscuous 
annealing in the rfa1-D228Y mutant leads to formation of secondary structures within 
ssDNA that require Sae2 for resolution(Lobachev et al., 2002; Rattray et al., 2005). The 
rfa1-t33 mutation confers a temperature-sensitive growth defect and we were able to 
generate an rfa1-t33 sae2Δ double mutant by germinating the spore clones at 23° C. 
The Ade- and Ade+ MMEJ frequencies were both significantly lower for the rfa1-t33 
sae2Δ double mutant than observed for the rfa1-t33 single mutant (P<0.001) indicating 
that resection becomes limiting when the barrier to annealing is lifted (Figure 3-9). 
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Figure 3-9. Resection is limiting when the barrier to annealing is lifted 
A) Viability and genotype of haploid spores derived from diploids heterozygous for 
sae2Δ and rfa1-D228Y and B) rfa1-t48. The genotype of dead spores is inferred by the 
segregation pattern of sae2Δ and rfa1-D228Y/rfa1-t48. C) Graph showing distribution of 
end joined products in the sae2Δ rfa1-t33 mutant. Mean values are shown and error 
bars represent s.d. from the mean, significance was determined by a 2-tailed Student’s t 
test.   
 
The rfa1-D228Y mutant was reported to be defective for inter-chromosomal 
recombination raising the possibility that the increased frequency of MMEJ is due to 
reduced competition with HR (see below)(Smith and Rothstein, 1995). To investigate 
whether rfa1-D228Y cells are defective for DSB-induced gene conversion, we used the 
well-characterized mating type switching system  (Figure 3-10).  The repair efficiency of 
the rfa1-D228Y mutant was slightly reduced (71% of the level observed for wild type), 
indicating that the rfa1-D228Y mutant is largely proficient for Rad51 loading and gene 
conversion repair. Thus, we attribute the increased MMEJ frequency of the rfa1-D228Y 




Figure 3-9. Resection is limiting when annealing is lifted 
A) Viability and genotype of haploid spores derived from diploids 
heterozygous for sae2Δ and rfa1-D228Y and B) rfa1-t48. The genotype of 
dead spores is inferred by the segregation pattern of sae2Δ and rfa1-D228Y/
rfa1-t48. C) Graph showing distribution of end joined products in the sae2Δ 
rfa1-t33 mutant. Mean values are shown and error bars represent s.d. from 
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Figure 3-10. rfa1-D228Y is proficient for mating type switching  
A) Schematic for the mating-type switching assay: the 0.9 kb StyI MATa fragment is 
cleaved upon HO induction to yield a 0.7 kb cut fragment. The 0.7 kb fragment 
disappears as resection proceeds and the break is repaired resulting in a 1.8 kb MATα 
fragment. B) Representative Southern blot of StyI-digested genomic DNA from wild type 
and rfa1-D228Y cells at different times after HO induction.  
 
3.6 RPA mutant complexes are defective for DNA binding in vitro 
The increased MMEJ observed for the rfa1 mutants suggests the mutant complexes are 
compromised in their ability to prevent spontaneous annealing between short 
homologies. To test this hypothesis, the RPA(t33) and RPA(t48) mutant complexes 
were purified following expression in E. coli (Gibb et al., 2012) and then tested for their 
ability to inhibit annealing of complementary oligonucleotides in vitro. We were unable to 
purify RPA(D228Y) due to instability of the complex. Strand annealing was quantified by 
formation of duplex product after incubating a 32P-labeled 48-mer oligonucleotide with 
an unlabeled complementary oligonucleotide in the absence or presence of RPA. After 
8 minutes at 30°, 78% of the ssDNA oligonucleotide spontaneously annealed to form 
dsDNA product in the absence of added protein  (Figure 3-11A,B). Consistent with a 
previous study(Sugiyama et al., 1998), less than 10% of the oligonucleotide annealed to 
its complement in the presence of wild-type RPA, whereas ~30% was annealed when 
incubated with RPA(t33) or RPA(t48). 
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A) Schematic for th  mating-type switching assay: the 0.9 kb StyI MAT  fragment is 
cleaved upon HO induc ion to yield a 0.7 kb cut fra ment. The 0.7 kb frag ent 
disappe rs as resection proceeds and th  break is repaired resulting in a 1.8 kb 
MATα fragment.  
B) Representative Southern blot of StyI-digested genomic DNA from wild type and 
rfa1-D228Y cells at different times after HO induction.  
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Figure 3-11. RPA mutants are defective for ssDNA binding  
A) Polyacrylamide gel electrophoresis to separate substrates (ssDNA) and products 
(dsDNA) of the strand annealing reaction. Each gel shows time points (0-8 min) from 
the annealing reaction in the absence of protein or in the presence of 30 nM RPA, 
RPA(t33) or RPA(t48).  
B) Quantification of the annealed dsDNA product. Fraction of annealing was calculated 
as the radioactivity in the dsDNA band divided by the sum of two bands. Values are a 
mean of three trials and errors bars indicate s.d.  
 
To further characterize the interaction of the mutant RPA complexes with ssDNA 
we used a DNA curtain assay and total internal reflection fluorescence microscopy 
(TIRFM) to directly visualize the binding of fluorescently-tagged RPA to long ssDNA 
molecules in real time (Figure 3-11) (Gibb et al., 2012; Gibb et al., 2014a). Biotinylated 
ssDNA was generated by rolling circle replication and anchored to a lipid bilayer on the 
surface of a microfluidic sample chamber. The ssDNA was not fluorescent and 
remained highly compacted due to formation of extensive secondary structure. When 
eGFP-tagged wild-type RPA (RPA-eGFP) is injected it can bind to the tethered ssDNA, 
































No Protein RPA RPA (t33) RPA (t48) 
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Figure 3-11. RPA mutants are defective for ssDNA binding.  
A) Polyacrylamide gel electrophoresis to separate substrates (ssDNA) and products 
(dsDNA) of the strand annealing reaction. Each gel shows time points (0-8 min) from 
the annealing eaction in the absence of protein or in the presence of 30 nM RPA, 
RPA(t33) or RPA(t48).  
B) Quantification of the annealed dsDNA product. Fraction f annealing w s 
calculated as the radioactivity in the dsDNA band divided by the sum of two bands. 
Values are a mean of three trials and errors bars indicate s.d.  
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to removal of secondary structure (Figure 3-12B, upper panel)(Gibb et al., 2012). RPA 
remains bound to the ssDNA with a half-life exceeding 2-hours when free RPA is not 
present in solution. However, ssDNA-bound RPA can also undergo much more rapid 
concentration-dependent turnover when free RPA is present in solution through a 
mechanism consistent with free RPA causing macroscopic dissociation of a 
microscopically dissociated RPA-ssDNA intermediate; this rapid protein exchange can 
be visualized as a change in fluorescence color of the ssDNA when switching between 
RPA-eGFP and RPA-mCherry (Figure 3-12A, B)(Gibb et al., 2014a; Graham et al., 
2011). The exchange of RPA-eGFP for RPA-mCherry does not coincide with a change 
in the observed extension of the ssDNA.  
RPA(t33)-eGFP and RPA(t48)-eGFP both bound to the ssDNA, however, neither 
was able to extend the ssDNA to the same extent as was observed for the RPA-eGFP 
(Figure 3-12C, lower panels). This defect in removal of ssDNA secondary structure was 
revealed by allowing the binding reactions to continue for 20 minutes with the mutant 
RPAs, and then chasing with the same concentration of RPA-mCherry, which resulted 
in both rapid exchange of the mutant RPA for the RPA-mCherry and a corresponding 
increase in the extension of the ssDNA substrates. Exchange of RPA(t33)-eGFP and 
RPA(t48)-eGFP for RPA-mCherry resulted in a ~33% and ~84% increase in the 
observed ssDNA extension, respectively. The effect was most pronounced with 
RPA(t48)-eGFP, indicating that this mutant exhibits the most profound defect in 
secondary structure removal. In addition, quantification of the loss of eGFP signal upon 
injection of RPA-mCherry revealed that both RPA mutants dissociated from the ssDNA 
approximately 6-fold more rapidly than wild-type RPA-eGFP (Figure 3-12D). Taken 
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together, the in vitro studies support the hypothesis that RPA(t33) and RPA(t48) allow 
more spontaneous annealing between MH in vivo as a consequence of defective 
ssDNA binding and removal of secondary structure.  
Figure 3-12. RPA mutants are defective for removing secondary structure 
A) Schematic of an ssDNA curtain assay showing ssDNA before and after RPA-eGFP 
binding.  
B) Kymographs showing ssDNA binding by RPA-eGFP, RPA(t33)-eGFP or RPA(t48)-
eGFP (100 pM each), as indicated, followed by exchange with RPA-mCherry (100 pM).  
C) Graph of normalized signal intensity for both RPA-eGFP and RPA-mCherry over 
time.  
D) Graph comparing the dissociation kinetics of RPA-eGFP, RPA(t33)-eGFP as 
RPA(t48)-eGFP following the injection of RPA-mCherry (not shown). The solid black 
lines are single exponential fits approximating the dissociation of the eGFP-tagged 
RPA’s during exchange with RPA-mCherry, yielding rates of ~0.006 sec-1 for both RPA 
mutants and ~0.001 sec-1 for RPA-eGFP. 
 
Figure 3-12. RPA mutants are defective for removing sec nd ry structure. 
A) Schematic of an ssDNA curtain assay showing ssDNA before and after RPA-eGFP 
binding.  
B) Kymographs showing ssDNA binding by RPA-eGFP, RPA(t33)-eGFP or RPA(t48)-
eGFP (100 pM each), as indicated, followed by exchange with RPA- Cherry (100 
pM).  
C) Graph of normalized signal intensity for both RPA-eGFP and RPA-mCherry over 
time.  
D) Graph comparing the dissociation kinetics of RPA-eGFP, RPA(t33)-eGFP as 
RPA(t48)-eGFP following the injection of RPA-mCherry (not shown). The solid black 
lines are single exponential fits approximating the dissociation of the eGFP-tagged 
RPA’s during exchange with RPA-mCherry, yielding rates of ~0.006 sec-1 for both 
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3.7 HR competes with MMEJ repair 
After resection initiation, the 3’ ssDNA coated by RPA is exchanged for Rad51 via the 
Rad52 mediator to initiate pairing and strand invasion with homologous duplex DNA 
(Symington, 2002). If MMEJ results from delayed or failed initiation of HR we would 
predict the frequency of MMEJ to increase in rad51Δ and rad52Δ mutants. Consistent 
with this hypothesis, the rad51Δ, rad52Δ and rad51Δ rad52Δ mutants exhibited a 3 to 6-
fold increase in Ade+ MMEJ (P=0.0001) (Table 3-1 and Figure 3-13). Although a recent 
report showed MMEJ between repeats of >14 bp is partially RAD52 
dependent(Villarreal et al., 2012), we did not observe a decrease in the frequency of 
Ade- MMEJ  in the rad52Δ and rad51Δ rad52Δ mutants. 
 Eliminating HR increases MMEJ by only 3 to 6-fold, whereas the rfa1-D228Y 
mutant exhibits a 124-fold increase in the frequency of Ade+ MMEJ indicating that the 
increase caused by dysfunctional RPA is not due simply to defective HR. If the slight 
HR defect of the rfa1-D228Y mutant contributed to the increased frequency of MMEJ 
we would predict the rfa1-D228Y mutation to be epistatic to rad51Δ and rad52Δ.  The 
frequencies of MMEJ increased by 250 and 272-fold in the rad51Δ rfa1-D228Y and 
rad52Δ rfa1-D228Y double mutants, respectively, and were significantly higher than the 
rfa1-D228Y single mutant (P<0.005), consistent with independent functions. 
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Figure 3-13. HR and MMEJ are competing mechanisms  
A) Graph showing survival frequency and distribution of end joining products for rad51Δ, 
rad52Δ and rad51Δ rad52Δ mutants.  
B) Frequencies of NHEJ and MMEJ in rfa1-D228Y derivatives. Mean values are shown 
and error bars represent s.d. from the mean, significance was determined by a 2-tailed 
Student’s t test.  
 
3.8 RPA antagonizes microhomology-mediated end joining 
 Mutagenic MMEJ repair occurs at low frequency and cells would rather die that 
risk the chromosomal aberrations that accompany the use of this pathway. Here we 
demonstrate that RPA is a critical gatekeeper behind MMEJ usage and strongly 
promotes error-free homologous recombination as a favorable alternative (Figure 3-14). 
Perturbation of RPA-ssDNA binding elevates the frequency of MMEJ while an RPA 
mutant with stronger DNA-affinity prevented MMEJ in our chromosomal end joining 
system. We demonstrate that resection only becomes limiting when the barrier to 
annealing is lifted. In vitro, we demonstrate that RPA mutants with elevated MMEJ are 
impaired for their ability to remove secondary structure and their capacity to prevent 
annealing between complimentary oligos. Together, this data suggests that RPA 
prevents repair by MMEJ at chromosomal DSBs. 
Figure 3-13  HR and MMEJ are competing mechanisms.  
A) Graph showing survival frequency and distribution of end joining products for 
rad51Δ, rad52Δ and rad51Δ rad52Δ mutants.  
B) Frequencies of NHEJ and MMEJ in rfa1-D228Y deriv tives. Mean values are 
shown and e ro  bars represent s.d. from the mean, significance was determined by 
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Figure 3-14. Regulation of repair pathway choice by Sae2 and RPA  
Sae2 is required for resection initiation and prevention of NHEJ repair in S and G2 
phases of the cell cycle. End resection creates ssDNA, the substrate for HR and MMEJ. 
RPA bound to ssDNA inhibits MMEJ between MH internal to the break ends and 
promotes HR. When RPA binding to ssDNA is perturbed (RPA*) annealing between MH 
is increased and the efficiency of HR is reduced. 
  
  
Figure 3-14. Regulation of repair pathway choice by Sae2 and RPA  
Sae2 is requir d for rese tion initiation a d pr vention of NHEJ r pair in S and G2 phases of 
the cell cycle. End resection creates ssDNA, the substrate for HR and MMEJ. RPA bound to 
ssDNA inhibits MMEJ between MH internal to the break ends and promotes HR. When RPA 
binding to ssDNA is perturbed (RPA*) annealing between MH is increased and the efficiency 
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4 Chapter 4: Results 
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RPA and Sae2 prevent palindromic gene amplification 
 
Having identified a role for RPA in antagonizing MMEJ, we were interested in 
determining the functional consequences of promiscuous inter-strand annealing 
between short (>5 bp) repeats (Deng et al., 2014). A simultaneous study in our lab 
demonstrated that RPA prevents ssDNA hairpin formation at resected ssDNA 
overhangs and the hairpins are targets for MRX-Sae2 cleavage (Chen et al., 2013; 
Deng et al., 2014). Moreover, we observed a synthetic lethality between sae2Δ and 
some rfa1 hypomorphic alleles leading us to propose that increased genomic instability 
is the cause of this inviability. Conditions that favor stabilization of hairpin-capped DNA 
ends or annealing between short homologies are expected to increase the frequency of 
palindromic duplications. Indeed, loss of Sae2 or the Mre11 nuclease results in 
increased recovery of palindromic duplication consistent with the fold-back model at 
inverted repeats or annealing between long inverted repeats during replication 
(Lobachev et al., 2002; Paek et al., 2009; Rattray et al., 2001; Rattray et al., 2005). We 
hypothesized that palindromic duplications formed in rfa1 sae2Δ mutants could 
contribute to this instability. To test this hypothesis, we used a well-characterized assay 
system to examine the accumulation of palindromic gene amplification in the rfa1-t33 
sae2 mutant. 
4.1 System to examine the accumulation of gross chromosomal rearrangements 
To examine genomic instability caused by rfa1-t33 and sae2Δ mutations we used a 
well-characterized assay that measures the accumulation of spontaneous gross 
chromosomal rearrangements on the left arm of chromosome V (Ch V) by simultaneous 
loss of the URA3 and CAN1 genes (Figure 4-1) (Chen and Kolodner, 1999). This assay 
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detects a broad spectrum of GCR events with the frequency indicative of general 
genome stability and distinct repair products recovered being reflective of the inherent 
nature of the genotype (Putnam et al., 2005). Thus, two mutants could have the similar 
GCR frequencies with markedly different spectrums of rearrangements. 
Figure 4-1. Schematic of GCR assay system with potential rearrangements  
 
4.2 rfa1-t33 sae2Δ synergistically increase the GCR rate 
We found that the rate of GCRs in wild-type cells was 2.04 x 10-10 (Figure 4-2, Table 4-
1). The sae2Δ and rfa1-t33 mutants showed a 5-fold and 185-fold increased rate of 
GCR accumulation, respectively, compared to wild type, consistent with previous 
studies (Chen and Kolodner, 1999; Putnam et al., 2009). A synergistic increase in the 
GCR rate was observed in the rfa1-t33 sae2Δ double mutant (1.48 x 10-6, 7400-fold 
elevation).  
Figure 4-1. Schematic of GCR assay and rearrangements  
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Table 4-1 Spectrum of GCR events  











Ch V left arm 
duplication 
(class I, class II) 
      
WT 2.04 x 10-10 (1.0) 121 9 1 1 (1, 0) 
sae2Δ 1.11 x 10-9  (5.4) 9 1 1 7 (4, 3) 
mre11-H125N 2.70 x 10-9  (13.2) 10 2 0 8 (6, 2) 
rfa1-t33 3.78 x 10-8  (185) 14 7 7 0 (0, 0) 
rfa1-t33 sae2Δ 1.48 x 10-6  (7252) 10 1 0 9 (9, 0) 
rfa1-t33 
mre11-H125N 2.75 x 10
-6  (13436) 10 3 0 7 (3, 4) 
 
*Rate of accumulating CanR 5-FOAR progeny. The number in parenthesis is the fold increase 
relative to wild type. 
Class I: Duplication on Ch V and second homology dependent invasion 
Class II: Duplication on Ch V only 
1One WT GCR clone contained a point mutation in the CAN1 gene and no discernable mutation at 





Figure 4-2. Synergistic increases in gross chromosomal rearrangements 
GCR rates for indicated genotypes. WT denotes wild type. The rates shown are the 
average of three independent trials for WT, sae2Δ, mre11-H125N, rfa1-t33 mre11-H125N 
and five-independent trials for rfa1-t33 and rfa1-t33 sae2Δ. Error bars indicate standard 
deviation. 
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Figure 4-2. Synergistic increases in gross chromosomal rearrangements. GCR rates for indicated 
genotypes. WT denotes wild type. The rates shown are the average of three independent trials for 
WT, sae2Δ, mre11-H125N, rfa1-t33 mre11-H125N and five-independent trials for rfa1-t33 and rfa1-
t33 sae2Δ. Error bars indicate standard deviation. 
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4.3 GCRs recovered from sae2Δ derivatives have an expanded Ch V 
To determine the spectrum of GCRs, we first examined Ch V by pulsed-field gel 
electrophoresis (PFGE) and Southern blot hybridization using a PCM1 probe, an 
essential gene on Ch V. We found that the majority of rearrangements in wild type and 
the rfa1-t33 mutant resulted in a Ch V species with a faster mobility than the parental 
Ch V (Figure 4-3). In contrast, the majority of sae2Δ and rfa1-t33 sae2Δ GCR clones 
exhibited an expanded Ch V as evidenced by the slower mobility by PFGE (Figure 4-3). 
Interestingly, some sae2Δ GCR isolates displayed a smear of Ch V products indicating 
either a mixed population of repaired products or an unstable Ch V. 
 
Figure 4-3. PFGE reveals expanded chromosome V after GCR from sae2Δ 
derivatives 
 
To better understand the types of GCRs in the rfa1-t33 and sae2Δ derivatives, 
we utilized a previously described method to identify the location of the breakpoint by 
overlap PCR using Ch V primers, and then attempted to sequence across the junction 
using an arbitrary PCR strategy (Figure 4-4) (Schmidt et al., 2006). We characterized 12 
GCR isolates from wild-type cells and found that repair occurred primarily by telomere 
Figure 4-3. PFGE reveals expanded chromosome V after GCR from sae2Δ 
derivatives. PFGE of WT, rfa1-t33, sae2Δ and rfa1-t33 sae2Δ GCR clones. 
1 2 3 4 5 7 8 
rfa1-t33 
9 10 6 P P 1 2 3 4 5 6 7 8 9 
sae2Δ 
P 1 2 3 4 5 6 7 8 
rfa1-t33 sae2Δ 
9 10 1 3 5 7 9 2 4 6 8 10 P 
WT 
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addition (Table 4-1). We were unable to identify the breakpoint junction by PCR of the 
GCR clone with an expanded Ch V; this event was further characterized by array-
Comparative Genome Hybridization (aCGH, see below). We analyzed 14 GCR clones 
from the rfa1-t33 mutant and found that 7 were due to telomere addition, 2 events were 
due to translocations and 5 events were interstitial deletions mediated by 
microhomologies (Table 4-1). Telomere addition and interstitial deletion are consistent 
with a shorter Ch V species by PFGE, while the translocation events exhibited an 
expanded Ch V. The spectra of GCR events found for wild type and the rfa1-t33 mutant 
are consistent with a previous study (Chen and Kolodner, 1999).  
 
Figure 4-4. Schematic of PCR assay used to characterize GCRs.  
First overlap PCR is used to determine the location of the break point (top). Second, a 
random priming strategy is used to amplify across the junction. PCR products are 
sequenced to determine the break point junction (bottom). 
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4.4 Rearrangements in sae2Δ mutants are inverted duplication of Ch V 
Of the 9 GCR clones analyzed from the sae2Δ mutant, one resulted from telomere 
addition and another was due to a translocation mediated by microhomologies; however, 
for the other 7 events we were able to identify the breakpoints but could not amplify the 
rearrangement junctions by PCR. Similarly, 1/10 GCR clones from the rfa1-t33 sae2Δ 
mutant was due to telomere addition and we failed to amplify junctions from the other 9 
clones.  Since previous studies had shown recovery of palindromic duplications from 
sae2Δ mutants (Putnam et al., 2014; Rattray et al., 2001; Rattray et al., 2005), it 
seemed likely that the failure to amplify junctions from the majority of sae2Δ and rfa1-
t33 sae2Δ GCR clones was due to the presence of inverted duplications, which are 
difficult to amplify as a result of snapback structures formed during PCR.  
Two strategies were used to determine the structure of the rearrangements. First, 
we physically mapped the region around the breakpoint of several GCR clones by 
restriction digestion of genomic DNA and hybridization with appropriate probes (Figure 
4-5). The distance between each restriction endonuclease site chosen and the 
breakpoint is defined as distance “X” and we reasoned that if a palindromic duplication 
had occurred we would recover DNA fragments of size 2X because the restriction site 
would be duplicated on the other side the breakpoint. We used several restriction 
endonucleases that were predicted to cleave at varying distances from the breakpoint 
and all showed a fragment of twice the expected size, consistent with a palindromic 
duplication. Interestingly, a shadow band of half the predicted size was observed 
(Figure 4-5A), which could be due to snapback structures formed during DNA 
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manipulation or extrusion of the cruciform in vivo because only a single band of the 
expected size was found by alkaline gel electrophoresis (Figure 4-5B).  
 
Figure 4-5. Inversion duplications are recovered in sae2Δ derivatives after 
chromosomal rearrangement  
Physical analysis of breakpoint region surrounding the DSB. For each pair of lines, the 
top line shows the sites for the control strain, and the bottom line shows the sites in the 
strain with the chromosome rearrangement. Schematic shows location of breakpoint 
(BP) and restriction enzymes adjacent to the BP. Abbreviations for restriction enzymes 
are as follows: SnaBI (Sn) ApaI (Ap), AatII (Aa), SpeI (Sp), EcoRV (Ec), BspHI (BS), 
NdeI (Nd), BamHI (Ba), BstEII (BE), EcoNI (EN), XbaI (Xb). C-E. aCGH analysis of 
GCR clones. B. Representative alkaline gel 
 
Second, we turned to aCGH to determine the size of the palindromic duplications. 
aCGH confirmed the loss of distal sequence on Ch V and also indicated a duplication of 
sequence immediately adjacent to the break point; the breakpoints were consistent with 
the PCR mapping results (Figure 4-6). One clone from the wild-type strain (8%), 7/9 
(78%) sae2Δ clones and 9/10 (90%) rfa1-t33 sae2Δ clones analyzed had inversion 
duplications. Three of the 7 inversion duplications recovered from the sae2Δ mutant 
exhibited a “fading” duplication (class II): sequences immediately adjacent to the 








































































































Figure 4-5. Inversion duplications are recovered in sae2Δ derivatives after 
chromosomal rearrangement. Physical analysis of breakpoint region surrounding the 
DSB. For each pair of lines, the top line shows the sites for the control strain, and the 
bottom line shows the sites in the strain with the chromosome rearrangement. 
Schematic shows location of breakpoint (BP) and restriction enzymes adjacent to the 
BP. Abbreviations for restriction enzymes are as follows: SnaBI (Sn) ApaI (Ap), AatII 
(Aa), SpeI (Sp), EcoRV (Ec), BspHI (BS), NdeI (Nd), BamHI (Ba), BstEII (BE), EcoNI 
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Figure 4-6. CGH reveals extensive inversion duplications identified in sae2Δ 
derivatives after chromosomal rearrangement  
A. Representative aCGH from a sae2Δ GCR clones indicating duplication adjacent to 
the breakpoint on Chr V and additional duplication. Each black horizontal line 
represents a single yeast chromosome. Ch I is at the top and Ch XVI is at the bottom of 
each graph. Green indicates regions of sequence loss. Red indicates regions of copy 
number gain. B. Representative aCGH from a sae2Δ GCR clone showing duplication 
adjacent to the break on Ch V only. C. Representative aCGH from a rfa1-t33 sae2Δ 
GCR clone with higher order amplification adjacent the breakpoint. 
 
4.5 Inversion duplications require a secondary invasion to stabilize the 
chromosome 
Many of the GCR clones with an inversion duplication of Ch V had a duplication of 
another genomic region from the telomere to an internal site (Class I) (Figure 4-6A), 
suggesting that a secondary event is required to form a stable chromosome by 
acquisition of a telomere (Pennaneach and Kolodner, 2009). Four of the seven 
inversion duplications analyzed from the sae2Δ mutant and the single event from wild 
Figure 4-6. CGH reveals extensive inversion duplications identified in sae2Δ 
derivatives after chromosomal rearrangement A. Representative aCGH from a 
sae2Δ GCR clones indicating duplication adjacent to the breakpoint on Chr V 
and additional duplication. B. Representative aCGH from a sae2Δ GCR clone 
showing duplication adjacent to the break on Ch V only. C. Representative aCGH 
from a rfa1-t33 sae2Δ GCR clone with higher order amplification adjacent the 
breakpoint. 
CLAC Plot for Sample: rfa1 sae2 01_A1; (FDR=0.498) CLAC Plot for Sample: rfa1 sae2 02_A2; (FDR=0.816)
B C A 
CLAC Plot for Sample: rfa1−t33 sae2 3A; (FDR=0.258)
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type were of sequences from the break point to the Ty1-containing ura3-52 locus 
(located ~70 kb away) associated with a duplication of another chromosome arm 
bounded by a Ty1-related element (Ty or delta element) and the telomere. All of the 
inversion duplications found in the rfa1-t33 sae2Δ mutant contained a duplication of 
another genomic region. Eight of the rfa1-t33 sae2Δ clones had an inverted duplication 
to the ura3-52 locus (Ty1 insertion) associated with a secondary duplication initiated at 
a Ty1-related element, the remaining clone had an inverted duplication up to a serine 
tRNA (~50 kb) associated with a duplication from a serine tRNA present on Ch IV to the 
telomere.  GCRs found in other studies frequently involve repetitive elements, such as 
delta sequences, but tRNAs have rarely been observed at breakpoint junctions (Fischer 
et al., 2000; Lemoine et al., 2005; Mieczkowski et al., 2006; Narayanan et al., 2006; 
Paek et al., 2009; Umezu et al., 2002; VanHulle et al., 2007). The serine tRNA is only 
84 nucleotides in length, considerably shorter than delta (330 bp) and Ty elements (6 
kb).  
4.6 Inversion duplications are mediated by short inverted repeats 
Inversion duplications can be formed by end joining between two replicated broken 
sister chromatids or result from intra-strand annealing between short inverted repeats to 
form a foldback structure (Marotta et al., 2013). To determine the sequence at the 
breakpoint of the inversion duplications we treated the genomic DNA with sodium 
bisulfite to deaminate the cytosines and thus disrupt the palindrome sufficiently to allow 
for PCR amplification (Rattray, 2004). We found 5-9 bp inverted repeats separated by 3-
12 bp spacer sequences present at the center of the inverted duplications (Table 4-2).  
The breakpoints were distributed throughout the 11 kb region between CAN1 and 
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PCM1 with some clustering around the CAN1 locus (Table 4-2), in agreement with a 
previous study (Putnam et al., 2005). These data support the hypothesis that inversion 
duplications in sae2Δ derivatives initiate by intra-strand annealing at short inverted 
repeats followed by gap filling and ligation to create a hairpin-capped end. Replication of 
the hairpin-capped chromosome would yield a dicentric chromosome that could be 
broken at mitosis and the end healed by a secondary recombination event or telomere 
addition (Figure 4-9). 
 
Table 4-2 Inverted repeats initiate inverted duplications 
    
Relevant genotype Inverted Repeat Sequence No. of Events Ch V coordinate  
sae2Δ  CCCAGGcaCCTGGG 1
 
32,659 
 TATATtTCTGttcCAGAtATATA 1 33,588 
 GAGTTTctcaAAACTC 1 35,581 
 TAA - GCCACtgcaGTGGCaTTA 1 42,134 
 CGCCActcccgcagtccTGGCG 1 42,109 
sae2Δ rfa1-t33 TTCcaGGGCAAaagtgaTTGCCCaaGAA 4 32,915 
 CACTTgccagtAAGTG 1 34,006 
 CTCgTGGGcgctCCCAtGAG 1 41,663 
 TATATtTCTGttcCAGAtATATA 1 33,588 
    
 
4.7 Single colony GCR clones may contain more than one rearrangement 
The FOAR CanR colonies used for PFGE were taken directly from the selection plate 
and expanded by overnight growth. Several GCR clones from sae2Δ derivatives had 
two different-sized Ch V species and by CGH contained more than one rearrangement 
product in addition to the Ch V inverted duplication (Figure 4-7).  By sub-culturing these 
could be separated into two discrete populations suggesting the colony derived from 
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daughter cells with different rearrangements. Such events could occur by breakage of a 
dicentric chromosome at mitosis, replication of the centric fragment followed by 
independent repair of the fragmented sister chromatids in the next cell cycle.  
Alternatively, the dicentric chromosome could be segregated into one daughter cell, 
replicated and then broken at a subsequent cell cycle giving rise to two daughters with 
different secondary rearrangements.  
 
Figure 4-7. Multiple rearrangements observed within a single GCR isolate 
A. PFGE of mixed and sorted populations. CGH from corresponding mixed population 
isolates from B. rfa1-t33 sae2Δ #4 C. rfa1-t33 sae2Δ #6 and D. sae2Δ #6 
 
4.8 Higher order amplifications observed in sae2Δ rfa1-t33 GCRs 
Gene amplifications observed in cancers often have more than a single genomic 
duplication, some genes are amplified many fold (Kitada and Yamasaki, 2007, 2008; 
Marotta et al., 2012; Neiman et al., 2008; Tanaka and Yao, 2009). Interestingly, 3/9 
GCRs with an inverted duplication recovered from the rfa1-t33 sae2Δ mutant contained 
a greater than two-fold amplification adjacent to the break site (Figure 4-6, 4-7). Based 
on the predicted size of Ch V, and the intensity of hybridization with the PCM1 probe, 
the amplifications appear to be intrachromosomal. This suggests more than one round 
A C B rfa1-t33 sae2Δ 
P M 1 2 M 1 2 
4 6 
P 1 M 2 
6 
sae2Δ 
CLAC Plot for Sample: rfa1−t33 sae2 2B; (FDR=0.185) CLAC Plot for Sample: rfa1 sae2 05_3B; (FDR=0.379) CLAC Plot for Sample: rfa1−t33 sae2 3B; (FDR=0.18)
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Figure 4-7. Multiple rearrangements bserved within a single GCR isolate. A. PFGE of mixed 
and sorted populations. CGH from corresponding mixed population isolates from B. rfa1-t33 
sae2Δ #4 C. rfa1-t33 sae2Δ #6 and D. sae2Δ #6 
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of palindromic gene amplification occurred to generate a higher order amplification 
(Figure 4-9).  
 
4.9 Inversion duplications are the primary class of GCRs recovered from mre11-
H125N derivatives 
Several studies have shown that loss of the Mre11 nuclease via the mre11-D56N or 
mre11-H125N mutations results in stabilization of hairpin-capped ends and palindromic 
duplications (Chen et al., 2013; Lobachev et al., 2002; Moreau et al., 1999; Rattray et 
al., 2001). However, palindromic duplications were not recovered from mre11 mutants 
using a variation of the GCR assay used here, even though they were identified as the 
main class of GCRs in the sae2Δ mutant (Putnam et al., 2014). Because the rfa1-t33 
mutation enhances recovery of palindromic duplication in the sae2Δ background we 
expected a similar outcome in the absence of the Mre11 nuclease. The rate of GCRs 
was increased by 10 and 10,000-fold in the mre11-H125N and mre11-H125N rfa1-t33 
mutants, respectively, relative to wild type, similar to the increases found for the sae2Δ 
derivatives (Figure 4-8, Table 4-1). Like the sae2Δ derivatives, most of the mre11-
H125N and mre11-H125N rfa1-t33 clones exhibited an expanded Ch V by PFGE and 
an inverted duplication adjacent to the breakpoint (Table 4-1, Figure 4-8). These data 
support the hypothesis that the Mre11 nuclease, in conjunction with Sae2, cleaves 
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Figure 4-8. Inversion duplications recovered from mre11-H125N derivatives  
A. PFGE. Representative microarrays from  
B. mre11-H125N and  




1 3 5 7 9 2 4 6 8 10 P 
mre11-H125N rfa1-t33 mre11-H125N  
1 3 5 7 9 2 4 6 8 10 P 
A 
B 
CLAC Plot for Sample: mre11−H125N_10; (FDR=0.499)CLAC Plot for Sample: mre11−H125N_09; (FDR=0.547)
CLAC Plot for Sample: mre11−H125N_rfa1−t33_06; (FDR=0.507)CLAC Plot for Sample: mre11−H125N_rfa1−t33_07; (FDR=0.692)
Figure 4-8. Inversion duplicatio  recover d from mre11-H 25N derivatives A. PFGE. 
Representative microarrays from B. mre11-H125N and C. rfa1-t33 mre11-H125N GCR clones 
C 
	   85	  
4.10 Foldback model for palindromic gene duplication 
 Inverted duplications are a rare class of chromosome rearrangements in wild 
type cells, but become the major class recovered from mre11-H125N and sae2 cells. 
This supports a foldback model for palindromic gene duplication whereby Mre11-Sae2 
typically cleave DNA hairpin structures, preventing the formation of large DNA 
palindromes. RPA has been shown to prevent annealing between short DNA 
sequences. This protection antagonizes repair by interstrand annealing between 
microhomologies, thereby preventing mutagenic MMEJ repair. Additionally, RPA bound 
to ssDNA inhibits formation of intrastrand secondary structures to extend DNA and 
promote loading of HR proteins. Interestingly, we did not detect any palindromic 
duplications in the rfa1-t33 mutant, suggesting that Mre11-Sae2 has evolved to 
efficiently recognize and remove DNA hairpins. However, in the rfa1-t33 sae2Δ or rfa1-
t33 mre11-H125N mutants, annealing is elevated and the resulting DNA hairpins are not 
processed, leading to a large (>1000-fold) accumulation of palindromic duplications. We 
further demonstrated that these palindromic duplications are mediated by short, 
naturally-occurring inverted repeat sequences. Replication through the hairpin structure 
generates a large dicentric isochromosome that is subsequently broken during mitosis. 
In a fraction of rearrangements, we observed higher order amplifications. We propose 
that these higher order amplifications are mediated by additional cycles of foldback 
priming, dicentric chromosome formation and breakage. These data are consistent with 
the model that RPA prevents foldback between short inverted repeats and when they 
occasionally form, the diligent surveillance of Mre11-Sae2 nuclease efficiently removes 
fold backs to prevent palindromic gene amplification (Figure 4-9). 
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Figure 4-9. Model for palindromic gene duplication. A spontaneous DSB centromere 
distal to the essential gene (EG) PCM1 initiates rearrangement. A foldback in the 3’ 
single-stranded DNA tail formed by end resection primes DNA synthesis and the 3’ end 
is ligated to the resected 5’ end to form a hairpin-capped end. Replication results in a 
dicentric isochromosome that is broken at mitosis and undergoes additional cycles of 
foldback priming, telomere addition or recombination between repeated sequences. A 
foldback might also stabilize the end to prevent degradation and checkpoint activation. 
Grey circles represent centromeres and thick black lines denote telomeres. 
Break in region A 
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Figure 4-9. Model for palindromic gene duplication. A spontaneous DSB centromere distal 
to the essential gene (EG) PCM1 initiates rearrangement. A foldback in the 3’ single-stranded 
DNA tail formed by end resection primes DNA synthesis and the 3’ end i  ligated to the resected 
5’ end to form a hairpin-capped en . Replication results in a dic ntric isochromosome that is 
broken at mitosis and undergoes additional cycles of foldback priming, telomere addition or 
recombination between repeated sequences. A foldback might also stabilize the end to prevent 
degradation and checkpoint activation. Grey circles represent centromeres and thick black lines 
denote telomeres. 
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5 Chapter 5: Discussion 
  
	   88	  
5.1 Mechanisms of microhomology-mediated end joining 
 Chromosomal DSBs can be repaired by several distinct mechanisms with 
different mutagenic potential. Interest in MMEJ has grown with the identification of 
microhomology sequences at the breakpoints of chromosome rearrangements, 
implicating MMEJ as the underlying mechanism. Whether MMEJ constitutes a backup 
repair mechanism to C-NHEJ or deserves recognition as an independent distinct 
pathway is debated. Nonetheless, MMEJ has now been shown to operate in the 
presence of NHEJ and can contribute significantly to repair (Truong et al., 2013; Yan et 
al., 2007).  
Previous MMEJ studies have focused on the resection requirement as a 
prerequisite for MMEJ repair. These studies have demonstrated, expectedly, that robust 
resection exposes MHs for MMEJ repair (Lee and Lee, 2007; Truong et al., 2013; 
Zhang and Jasin, 2011). Studies examining the annealing aspect of MMEJ have 
focused on a role for Rad52, however different assay systems yielded conflicting results 
(Bennardo et al., 2008; Daley and Wilson, 2005; Villarreal et al., 2012). Here, we 
developed a chromosomal assay to monitor repair by NHEJ or MMEJ in budding yeast. 
The assay contained two-inverted I-SceI cut sites flanked by a perfect 12 bp of MH in 
the ADE2 gene. Unexpectedly, a naturally occurring 16bp imperfect MH is nearby, with 
one repeat located within the ADE2 gene and the other repeat located by 5 kb away. 
This system excludes repair by HR as the only donor sequence is the sister chromatid 
which would regenerate the I-SceI cut site for DSB formation in future generations. 
We found overall survival by end joining pathways to be very low in wild type 
cells (<1%) and the frequency of MMEJ to be extremely low (0.006%). Repair of a 
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chromosomal DSB by HR or SSA between long (>1 kb) repeats occurs with close to 
100% efficiency in S. cerevisiae, indicating that MMEJ is not a preferred pathway for 
DSB repair.  
To validate our system, we examined the requirement for canonical NHEJ factors, 
Ku70 and Dnl4, for MMEJ repair. By definition of an alt-EJ pathway, core canonical 
NHEJ factors such as Ku and Dnl4 are not required for MMEJ. As expected, yku70Δ 
and dnl4Δ mutants are competent for MMEJ while NHEJ events are completely 
eliminated. Furthermore, the increased frequency of NHEJ observed in sae2Δ cells was 
completely reversed and eliminated in the sae2Δ yku70Δ double mutant (Table 3-1). 
We observed a slight decrease in the frequency of Ade- MMEJ events despite increased 
resection in the yku70Δ mutant. We interpret this result as potential 3’ end loss and not 
a dependence on yKu70 for MMEJ (Zierhut and Diffley, 2008). One copy of the 16 bp 
MH is located 32 bp away from I-SceI break site and the other is 5 kb away, if resection 
occurs symmetrically from the break, 10 kb of ssDNA is generated before both MHs are 
exposed and could be subject to 3’ end degradation (Westmoreland and Resnick, 2013). 
This notion is supported by the similar MMEJ frequencies observed in the sgs1Δ exo1Δ 
and sgs1Δ exo1Δ yku70Δ mutants, suggesting that MHs are retained when break ends 
are stabilized. 
In contrast to the low MMEJ frequency observed in yeast, the frequency of MMEJ 
in mammalian cells using a substrate similar to the one we describe here, but with only 
8- to 9-bp repeats flanking the I-SceI cut site, occurs at a much higher frequency (0.5–
1%) despite only transient I-SceI endonuclease expression. Moreover the frequency of 
MMEJ was detected at the level of 10-20% of HR in a competitive reporter assay that 
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detects repair by either MMEJ and HR in mammalian cells, suggesting a substantial role 
for MMEJ in DSB repair (Truong et al., 2013). The differences in the frequency of MMEJ 
could be due to an active mechanism to prevent MMEJ in yeast or the presence of 
dedicated MMEJ synapsis and/or annealing proteins in mammalian cells.  PARP-1 has 
been shown to synapse DNA ends in vitro and is required for end joining in the absence 
of Ku (Audebert et al., 2004; Mansour et al., 2010). DNA ligase III (Lig3) functions with 
PARP-1 to catalyze alternative NHEJ in vitro and promotes chromosome translocations 
in mouse cells (Audebert et al., 2004; Simsek et al., 2011). DNA polymerase theta 
(mus308) has been implicated in Drosophila alt-EJ (termed synthesis-dependent MMEJ, 
SD-MMEJ). SD-MMEJ is characterized by de novo synthesis by non-processive Polθ to 
generate microhomologies (Chan et al., 2010; Yu and McVey, 2010). Recently several 
groups have independently identified a role for Polθ (encoded by PolQ) in mammalian 
alt-EJ at both eroded telomeres and chromosomal DSBs (Ceccaldi et al., 2015; Kent et 
al., 2015; Mateos-Gomez et al., 2015). Polθ is a mutagenic polymerase that promotes 
annealing while inhibiting Rad51 to suppress HR. PARP-1, Lig3 and PolQ are all absent 
from yeast and could explain the low efficiency of MMEJ in this organism. It would be 
interesting to determine if expression of these mammalian alt-EJ factors would influence 
MMEJ in yeast.  
5.2 Resection exposes microhomologies 
We found no major MMEJ defect in the sae2∆ mutant in the chromosomal end 
joining assay system. This finding is in contrast to a previous report in budding yeast by 
Lee and Lee (Lee and Lee, 2007). Lee and Lee use an assay to detect MMEJ at 
naturally occurring MHs near the native HO cut site by sequencing the junctions present 
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in colonies surviving HO induction. In agreement with our findings, Lee and Lee 
reported a ten-fold increase in the frequency of NHEJ in the sae2∆ mutant, but of the 
junctions examined, none used MHs of ≥5 nt. A later study using the same strain 
reported similar frequencies of MMEJ in wild-type and sae2∆ strains (Matsuzaki et al., 
2012).  In the plasmid end-joining assay, we observed similar frequencies of MMEJ in 
sae2∆ and wild-type cells, but we recovered some aberrant products resulting from 
blunt-end joining or partial loss of the MH from the sae2∆ mutant, whereas all of the 
products from wild-type cells used the MH. Thus, a subtle	   MMEJ defect may be 
apparent in sae2∆ mutants depending on the assay used. The most striking phenotype 
of the sae2∆ mutant is the increase in canonical NHEJ, a phenotype that is also 
observed after CtIP depletion from irradiated G2 cells (Shibata et al., 2011). Ku persists 
at DNA ends for longer in the absence of Ctp1 or Sae2, suggesting that delayed 
resection initiation and the presence of Ku allow more opportunity for NHEJ (Langerak 
et al., 2011; Mimitou and Symington, 2010; Shim et al., 2010). An increased use of 
NHEJ to repair breaks in cis could potentially contribute to the decreased frequency of 
translocations reported for mouse cells depleted of CtIP. However, even in Ku-deficient 
cells, CtIP depletion results in reduced usage of MHs at the junctions, consistent with 
the important role for CtIP in resection initiation and MMEJ in mammalian cells (Sartori 
et al., 2007; Zhang and Jasin, 2011).  
 As anticipated, we found extensive resection to be dispensable for MMEJ with 
MH proximal to the break site but is needed to reveal distal MHs for repair. The 24-fold 
increase in Ade+ MMEJ events suggested that inactivation of extensive resection 
stabilizes the short resected 3’ overhangs to provide increased opportunity for MMEJ to 
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occur between the proximal 12 bp MH. Consistent with findings in mammalian cells, 
shRNA depletion of Exo1 or BLM did not reduce, but rather increased MMEJ activity in 
a reporter assay with proximal MHs. Furthermore, the ratio of MMEJ to HR using the 
competitive reporter shifted more events towards repair by MMEJ when extensive 
resection was inactive (Truong et al., 2013). It would be informative to examine MMEJ 
in the absence of any resection factors such as sae2Δ, mre11Δ or mre11-H125N in 
combination with sgs1Δ exo1Δ but these combinations of mutations are lethal (Mimitou 
and Symington, 2010). 
Resection processes ends in anticipation of HR and therefore unlikely to be the 
sole regulator of MMEJ. If stabilization of the break ends and protection of 3’ overhangs 
and essential genes from degradation were sufficient to allow recovery of MMEJ events, 
we would expect a further increase in total repair events in the exo1Δ sgs1Δ mutant but 
this was not the case. Total survival frequency in the sgs1Δ exo1Δ mutant was similar 
to WT. One explanation is that exo1Δ sgs1Δ cells fail to recruit Ddc2 to sites of DSB to 
activate the G2/M checkpoint (Gravel et al., 2008; Zhu et al., 2008). Without checkpoint 
activation to ensure time for repair, a broken chromosome could missegregate leading 
to loss of essential genes and the generation of acentric fragments. Additionally, sgs1Δ 
exo1Δ mutant are elevated for de novo telomere addition, which would not generate 
viable cell products in this system (Chung et al., 2010; Lydeard et al., 2010; Marrero 
and Symington, 2010).  
 Interestingly, we detected Ade+ and Ade- MMEJ events in the mre11Δ mutant but 
did not recover NHEJ events. MRX mutants exhibit a delay in resection initiation 
however, no significant reduction in resection was observed at distances far from the 
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break (28kb away), except for a small fraction of cells that never initiate (Zhu et al., 
2008). Moreover, MRX mutants accumulate more Ku at break ends and fail to recruit 
extensive resection factors, Exo1 and Dna2 (Shim et al., 2010).  MRX is also required 
for C-NHEJ; Mre11 stimulates Ku and Xrs2 interacts directly with Lif1 to promote 
ligation (Palmbos et al., 2005). Therefore, the loss of NHEJ, retention of Ade+ MMEJ 
events and decrease in Ade- MMEJ events in mre11Δ mutant is consistent with MRX 
function in NHEJ and resection. The increase in Ade+ MMEJ events could be the result 
of a severe resection delay combined with complete abrogation of NHEJ. This resection 
delay stabilizes the MH near break ends and promotes MMEJ repair using MHs 
adjacent the break site.  
5.3 Is Rad52 important or dispensable for MMEJ?  
Using a plasmid end-joining assay with microhomologies directly at the ends, 
Rad52 promoted end joining when MH length was ≥10 bp (Daley and Wilson, 2005). 
Using a chromosomal MMEJ system, Villarreal et al. systematically examined the 
requirement for Rad52 with 1 bp increases in MH length (Villarreal et al., 2012). They 
identified a partial dependence on Rad52 for MHs greater than 14 nucleotides, however 
this dependence on Rad52 was abrogated when two mismatches were introduced into 
an 18 bp direct repeat substrate (Villarreal et al., 2012). Consistent with these findings, 
we found that MMEJ using both the 12 bp MH and 16 bp imperfect MH to be Rad52-
independent. Statistically, a long stretch of perfectly complementary MH is rare whereas 
a long complementary sequence with a few mismatches have been identified and 
utilized for the cell for MMEJ. Discontinuous MHs could be interpreted as two short MHs 
and hence be Rad52-independent.  
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5.4 Flap processing during MMEJ  
 Naturally occurring DSBs that repair by HR probably do not contain a 
heterologous flap. In our inducible DSB systems (i.e. HO and I-SceI) flap removal may 
be a barrier to efficient repair. Rad1-Rad10 (XPF/ERCC1) cleaves the 3’ non-
homologous tail after annealing during SSA or the protruding flap within a D-loop during 
SDSA. Flaps are a natural MMEJ intermediate and expected to be heterogenous in 
length. In addition, Flap removal is a prerequisite for extension and stabilization of the 
annealed intermediate. Saw1 has been demonstrated to bind the 3’ flap to direct Rad1-
Rad10 cleavage during SSA (Li et al., 2013). Mutants inactivated for Rad1-Rad10 and 
Msh2-Msh3 have a decreased frequency of MMEJ, probably due to defective removal 
of flaps (Lee and Lee, 2007).   
In transformation-based end joining assays where MHs are present directly at the 
break ends, MMEJ occurs with high efficiency. Interestingly, addition of even a single 
nonhomologous basepair reduces MMEJ efficiency ~4-fold in S. pombe. Longer 
heterologous flaps further decreased circularization efficiency by more than ten-fold in 
this system (Decottignies, 2007). How short versus long flaps are recognized and 
processed during MMEJ is not yet clear. Very short heterologies could presumably be 
removed by the proofreading exonuclease function of polymerases. How the presence 
of heterologous flaps might influence Rad52-mediated annealing between MHs is also 
unknown. 
5.5 Mechanisms to safeguard against MMEJ 
 Several groups have previously demonstrated that length, sequence composition 
and mismatches influence the frequency of repair by MMEJ (Daley and Wilson, 2005; 
	   95	  
Villarreal et al., 2012). These observations support a model whereby annealing between 
MH is a spontaneous event driven by base pairing thermodynamics. Together, this 
points to the possibility that MMEJ is actively repressed by a mechanism that prevents 
spontaneous annealing. 
 RPA prevents and removes secondary structure formed when ssDNA 
intermediates are generated. In vitro, RPA prevents annealing between complementary 
oligos and removes secondary structures and in vivo, prevents the formation of foldback 
structures in ssDNA regions (Chen et al., 2013; Gibb et al., 2012; Sugiyama and 
Kowalczykowski, 2002). Furthermore, RPA prevents annealing between long direct 
repeats in SSA (Smith and Rothstein, 1999). We therefore hypothesized that RPA 
prevents annealing between microhomologies. The essential nature of RPA for most 
DNA transactions and viability precludes complete gene inactivation, therefore we 
utilized hypomorphic RPA mutants with mutations in the DNA binding domain. We 
demonstrated that MMEJ increased by up to 350-fold in rfa1 mutants defective for DNA 
binding. Furthermore, we purified RPAt33 and RPAt48 mutant protein complexes and 
demonstrated that they are defective for preventing spontaneous annealing and 
removing secondary structures in vitro. Furthermore, rfa1 mutants are more 
promiscuous in their choice of MHs, utilizing shorter MH and MHs with more 
mismatches than observed in WT or resection mutants. To demonstrate that increased 
MMEJ was specific to the decreased interaction between RPA and ssDNA, we 
examined MMEJ in the rfa1-t11 mutant. Biochemically, rfa1-t11 demonstrates tighter 
ssDNA binding and slower Rad51 and Rad52 exchange, suggesting a more stable 
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interaction with ssDNA. In agreement with our model, rfa1-t11 does not show elevated 
frequencies of MMEJ.  
 Previously, the Kolodner group examined gross chromosomal rearrangements 
(GCR) accumulation in rfa1 hypomorphic mutants (Chen and Kolodner, 1999; Chen et 
al., 1998). Using an assay to determine the rate and spectrum of spontaneous GCRs, 
they found the rfa1mut showed elevated GCR rates compared to WT cells. Interestingly, 
although the mre11Δ GCR rate was similarly elevated compare to the rfa1-t33, the 
spectrum of the repair events was different. GCRs recovered in WT cells were primarily 
de novo telomere additions and the small fraction of deletions and translocations were 
consistent with repair by NHEJ. In contrast, only about half the GCRs recovered in rfa1-
t33 mutant were telomere addition events and the other half consisted of deletions and 
translocations mediated by microhomologies.  The rfa1-t48 and rfa1-t11 mutants also 
show elevated rates of GCR accumulation but their GCR spectrum was not examined. 
We hypothesize rfa1-D228Y and rfa1-t48 would also accumulate GCRs mediated by 
MH since both mutants were elevated for MMEJ. 
 The RFA1-L221 residue is a highly conserved residue in all animals and yeast. In 
some plants, a similarly hydrophobic valine residue is present in place of leucine.  
Based on the HsRpa1-ssDNA co-crystal structure, L221 extends toward the DNA in the 
binding pocket but does not appear to make a direct contact with DNA (Bochkarev et al., 
1997; Hass et al., 2010). A recent Ustilago maydis RPA-ssDNA complex crystal 
structure implicates L221 as a site of direct contact with DNA base(Fan and Pavletich, 
2012). Conversion of the leucine to a bulky proline within a DNA binding pocket is 
expected to greatly disrupt DNA binding interface.  Rpa1L221P mutation has been 
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modeled in the human and mouse proteins. The Rpa1689C/689C (Rpa1689C confers the 
leucine to proline amino acid change at position 230, the mouse equivalent of yeast and 
human L221P) mouse is early embryonic lethal. Rpa1689C/+ is viable but develops 
lymphomas at 9-12 months of age. CGH analysis of the tumors recovered from 
Rpa1689C/+ indicated a number of copy number changes including segmental and entire 
chromosomes gains. Metaphase spreads from Rpa1689C/+ MEFs contained numerous 
abnormalities including aneuploidy and chromosome breaks (Wang et al., 2005). These 
results indicate that Rpa1689C/+ mouse and its derived MEFS display genomic instability, 
DNA damage sensitivity and that the L221P mutation is partially dominant, consistent 
with the partial dominance observed in yeast (Wang et al., 2005). HsRpa1L221P in the 
absence of wild-type Rpa1, does not support cell cycle progression in HeLa cells. 
However, introduction of the HsRpa1L221P protein in the presence of Rpa1 did not disrupt 
cell cycle progression, in contrast to the partial dominance observed in Rpa1689C/+ MEFs. 
Biochemical analysis of HsRPAL221P indicates stable RPA complex formation but ssDNA 
binding is severely reduced and fails to support in vitro SV40 replication (Hass et al., 
2010). The decreased DNA binding in the human RPAL221P is in congruence with our 
findings using purified ScRPAt48 complex. However, the in vitro HsRpa1L221P DNA-
binding defect raises the possibility that phenotypes observed in the Rpa1689C/+ mouse 
are actually due to RPA haploinsufficiency rather than partial dominance. Nonetheless, 
these results affirm the rpa1L221P mutation is defective for DNA binding leading to higher 
levels of DNA damage and genome instability. 
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5.6 Translocations mediated by C-NHEJ versus alt-EJ/MMEJ  
It has been argued that C-NHEJ is the primary pathway generating cancer-
causing translocations and telomere fusions (Bunting and Nussenzweig, 2013; 
Ghezraoui et al., 2014; Rai et al., 2010; Simsek and Jasin, 2010). The contribution of C-
NHEJ to translocation formation is not surprising considering that C-NHEJ is robust and 
contributes significantly to overall repair. The fraction of total C-NHEJ or alt-EJ events 
that directly results in translocation has not been determined. Additionally, mice 
impaired for NHEJ activities develop tumors that show oncogene amplification (Roth 
and Gellert, 2000), implying a role for alt-EJ to promote oncogenic rearrangements. 
Furthermore, some patients with hypomorphic mutations in C-NHEJ factors (e.g. Ligase 
IV, XLF, Artemis) develop lymphomas but the types of chromosomal rearrangements in 
these cells have not been characterized (Woodbine et al., 2014). It has been proposed 
that C-NHEJ mediated translocations are more prevalent in human cells, compared to 
mouse cells, because expression of C-NHEJ factors is higher in human cells. An 
alternative explanation is alt-EJ repair is selectively impaired in selected cells types. 
5.7 Circumstances that may influence repair by MMEJ  
We found that MMEJ occurred with low frequency despite the presence of a 
perfect 12 bp MH flanking the chromosomal DSB. Several explanations are possible: 1) 
the context in which MMEJ is tested is sub-optimal 2) MMEJ is a salvage pathway, 
borrowing factors from other pathways to repair the break as a last option 3) all end 
joining pathways are poorly used in yeast. (Simsek and Jasin, 2011; Sung and Ambron, 
2004; Zahn et al., 2015). This leads to the question, --for which circumstances might 
MMEJ have evolved to work efficiently. Some repair pathways appear to be influenced 
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by chromosomal location, such as BIR, which occurs at higher frequency with the donor 
sequence is closer to the telomere (Donnianni and Symington, 2013). This position 
effect could be related to D-loop migration distance, chromatin remodeling or 
chromosome mobility at chromosome ends. MMEJ does not involve a D-loop 
intermediate but could be similarly influenced by chromatin remodeling or mobility of 
break ends. One possibility is that MMEJ works efficiently at repetitive regions such as 
rDNA, or closer to chromosome ends at subtelomeric regions. Small deletions at these 
genomic loci could have less detrimental consequences.  
Repair pathway choice has shown to be, in part, regulated by chromatin structure 
in the vicinity of the break. How chromatin structure connects to DSB repair pathway 
choice is an active area of research. In S. pombe, H3K36me has been shown to 
promote NHEJ while H3K36ac promotes HR (Chapman et al., 2012; Clouaire and 
Legube, 2015; Pai et al., 2014; Pfister et al., 2014). Recently, hyper-acetylation of 
histone H3K56 has been shown to limit BIR by inhibiting extensive repair synthesis 
(Che et al., 2015). Currently, most MMEJ assay systems are located within a gene that 
is highly transcribed (e.g. eGFP, ADE2, MAT locus etc) and repair by MMEJ is typically 
associated with expression of a selectable marker to facilitate the direct selection and 
analysis of repair products. It would be intriguing to explore how different genomic 
regions (promoters, introns, heterochromatin, euchromatin etc.) might influence the 
efficiency of MMEJ. To test this, CRISPR technologies could be harnessed to generate 
sequence specific breaks anywhere in the genome (Choi and Meyerson, 2014). 
Additionally, CRISPR can simultaneously generate multiple breaks to examine how 
repair dynamics change. 
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MMEJ has also been implicated to mediate transposon insertion and to play a 
role in repair after transposon excision. Although a role for transposition of Ty elements 
in yeast has not been directly observed, microhomologies have been identified in an 
analysis for human LINE1 and ALU elements and in drosophila P-element excision. 
Moreover, introduction of the maize cut and paste transposon Ac/Ds into yeast led to 
the identification of short homologies at the excision junction. (Morrish et al., 2007; Yu et 
al., 2004; Zingler et al., 2005). P-element excision leaves behind a DSB that must be 
repaired. lig4Δ and rad51Δ mutant flies are proficient in repairing this type DSB and 
repair appears to proceed through annealing and ligation at microhomologies (Chan et 
al., 2010; McVey et al., 2004; Yu and McVey, 2010). It would be interesting to determine 
whether MMEJ has evolved as a system utilized during transposable element mobility. 
This could additionally explain why MMEJ occurs with higher frequency in mammalian 
systems.  
5.8 Kinetics of MMEJ 
The repair kinetics of NHEJ is fast while HR is slow. MMEJ is a hybrid of the two 
pathways with poorly defined repair kinetics. Based on our observations, MMEJ could  
A) proceeds with slow kinetics B) appear slow because multiple cycles of precise NHEJ 
regenerate the cut site until a MMEJ product is generated C) repair quickly but their low 
frequency in an unsynchronized cultures is below the detection of our current tools.  
Due to low frequency and presumed slow kinetics of repair of MMEJ in yeast, we 
have been unable to examine cell cycle requirements but speculate that S/G2 phase 
would best support this reaction. Previous work in fission yeast reported 7-10-fold 
higher NHEJ levels in nitrogen-starved G1 cells compared to other cell cycle stages 
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(Ferreira and Cooper, 2004) and NHEJ and MMEJ might be reciprocally regulated. 
Using a plasmid end joining system, less MMEJ was detected in G1 starved cells 
compared to an exponentially growing population (Decottignies, 2007). Interestingly, 
junctions recovered from unrepairable HO-break induced in G1 showed the same 
amount of sequence loss compared to exponentially growing cells, indicating that the 
decrease in MMEJ was not due to a loss of resection activity (Moore and Haber, 1996). 
In mammalian cells, S-phase synchronized cells best supported MMEJ (Truong et al., 
2013). However, S phase also generates a sister chromatid available for error-free HR 
and the cell should conservatively choose HR over MMEJ. Reconciling these 
differences would shed light on the cellular control of MMEJ. 
Our chromosomal end joining system contains natural and engineered MHs 
immediately adjacent to the break site. If MMEJ occurs with slow kinetics, MHs can be 
lost during 3’ end degradation (Zierhut and Diffley, 2008). MRX-Sae2 is a candidate 
nuclease for 3’ degradation but its role in the generation of the 3’ overhangs makes this 
difficult to test. Indeed, MRX-Sae2 contribute to 3’ end degradation by cleavage of 
secondary structures when RPA is depleted (Chen et al., 2013). Biochemically, 3’ 
ssDNA overhangs are 40-50x more resistant than 5’ overhangs to Mre11 degradation 
but Mre11 is active on 3’ branched structures, possibly due to transient intramolecular 
secondary structures (Paull and Gellert, 1998). mre11-H125N mutant is an obvious 
candidate to test, however, the transient resection delay increases NHEJ obscuring 
potential MMEJ usage. If 3’ end loss contributes to low viability in our MMEJ assay, we 
could potentially overcome this issue by inserting MHs further from the break. 
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5.9 Do foldback structures form in our MMEJ system? 
At clean DSBs, sae2Δ mutants exhibit a minor delay in resection initiation but 
long-range resection occurs at the wild-type rates (Mimitou and Symington, 2008). This 
small temporal delay is sufficient to elevate NHEJ by eight-fold in our assay. We failed 
to detect MMEJ events after screening ~120 Ade- clones, however we were able to 
detect Ade- MMEJ events in sae2Δ yku70Δ mutant. This demonstrates Sae2 is not 
required for MMEJ, however the resection defect in sae2Δ mutants is suppressed by 
YKU70-deletion and may also facilitate recovery of 16 bp MH events (Mimitou and 
Symington, 2010).  
We recovered fewer Ade+ and Ade- MMEJ events in the sae2Δ rfa1-t33 mutant 
compared to the rfa1-t33 mutant. Like sae2Δ, NHEJ was elevated in sae2Δ rfa1-t33. 
The simplest interpretation is resection is required when the barrier to annealing is lifted. 
It is reasonable to assume that resection occurs similarly in sae2Δ and rfa1-t33 sae2Δ 
mutant since the rfa1-t33 mutant is also proficient for resection. This raises the 
possibility that foldback structures form at resected DNA ends and cannot be removed 
in the absence of Sae2 thereby impeding the generation of Ade- MMEJ events in sae2Δ 
rfa1-t33 mutant.  
5.10 Some rfa1mut are synthetic lethal in combination with sae2Δ 
rfa1-D228Y and rfa1-t48 mutants are lethal in combination with sae2Δ while rfa1-
t33 sae2Δ mutant is viable. Not surprisingly, rfa1-t33 has the lowest MMEJ frequency 
(of the DNA binding mutants) and is less defective for removing secondary structures in 
vitro. rfa1+/mut sae2+/- heterozygotes sporulate normally and most spores initiate 
germination (when examined after one to three days) after dissection. However, rfa1-
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D228Y/t48 sae2Δ mutant haploids arrest and fail to generate a colony. Several 
hypotheses could account for this phenomenon. First, rfa1-D228Y/t48 sae2Δ double 
mutants could accumulate massive genomic rearrangements leading to the loss of 
essential genes and result in cell death. Second, rfa1-D228Y/t48 sae2Δ may have 
persistent checkpoint activation that interrupts cell cycle progression. To test the first 
hypothesis, we reasoned that Tet-inducible transient inactivation of Sae2 in rfa1-t48 
background would result in accumulation of genomic rearrangements over several 
generations. Subsequent re-introduction of Sae2 would allow us to stabilize and capture 
rearrangements for PFGE analysis. Unfortunately, we failed to detect gross 
chromosomal changes by PFGE (data not shown). We have also tested the checkpoint 
hypothesis by attempting to generate rfa1 sae2Δ tel1Δ or rfa1 sae2Δ rad9Δ triple 
mutants to inactivate the checkpoint and rescue the lethality (data not shown). The 
suppression was mild at best. The results to these studies remain ambiguous and have 
not yielded informative answers to our question.  
5.11 Foldback structures accumulate when RPA is dysfunctional 
 When RPA is depleted from cells, DNA hairpins accumulate at the partially 
resected ssDNA regions after a chromosomal DSB. These hairpins are predicted to 
form by annealing between naturally occurring short inverted repeats in the ssDNA 
region and are extended in a Pol32-dependent manner. In the absences of MRX and 
Sae2, these hairpins are stabilized and persistent. These events were examined in the 
presence of an unrepairable DSB and the depletion of RPA eventually led to cell death. 
Therefore, the subsequent fate of the hairpins remained unknown (Chen et al., 2013).   
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As discussed in the introduction, foldback priming at resected DSBs is one of the 
mechanisms proposed to drive palindromic gene duplication (Tanaka and Yao, 2009). 
Inverted duplications are a rare class of GCRs in wild-type cells, but are the major class 
of events recovered from sae2Δ and mre11-H125N mutants, and the frequency of their 
formation is increased by 50 to 130-fold relative to wild type. Although RPA plays an 
important role in preventing annealing between microhomologies that can lead to 
foldback structures (Chen et al., 2013; Deng et al., 2014), no inverted duplications were 
found among the 14 GCR events analyzed from the rfa1-t33 hypomorphic mutant. In a 
previous study, one of 11 events recovered from the rfa1-t33 mutant was due to 
inversion duplication (Chen and Kolodner, 1999).  However, in the context of Sae2 or 
Mre11 nuclease deficiency, rfa1-t33 causes a >1,000-fold increase in the rate of 
inversion duplications. Furthermore, higher copy number duplications, similar to those 
observed in ErbB-2 positive breast cancers (Marotta et al., 2012), are found in the rfa1-
t33 sae2Δ double mutant. We propose that these higher order amplifications are 
mediated by additional cycles of foldback priming, dicentric chromosome formation and 
breakage (Figure 4-9). These data are consistent with the model that RPA normally 
prevents foldback structures and when they do occasionally arise the Mre11 
endonuclease and Sae2 efficiently cleave them to prevent formation of inverted 
duplications.  Palindromic duplications are a major threat to genomic stability because 
they act as fragile sites and stimulate further amplification and chromosome 
rearrangements (Lemoine et al., 2005; Narayanan et al., 2006; Tanaka and Yao, 2009). 
Therefore, the timely removal of foldbacks is essential to preserve genome integrity and 
could be one of the main cellular functions for the Mre11 nuclease and Sae2. CtIP and 
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the Mre11 nuclease are required for recombination induced at a hairpin-forming 
sequence in human cells, and SbcCD, the ortholog of the MR complex, destabilizes 
palindromes in E. coli suggesting hairpin cleavage is evolutionarily conserved 
(Eykelenboom et al., 2008; Wang et al., 2014). 
5.12 Palindromic duplications can be stabilized by acquisition of a telomere 
Of the palindromic duplications observed in sae2Δ and mre11-H125N mutants, 
half were stabilized by a secondary rearrangement to acquire a telomere. We propose 
the dicentric isochromosome generated by replication of the hairpin-capped Ch V is 
broken between the two centromeres in the vicinity of the Ty1 element at the ura3 locus 
(Lopez et al., 2015), then the Ty or delta element is used for recombination with a Ty1 
or delta element elsewhere in the genome (Figure 4-9). Chromosome rearrangements 
mediated by Ty or delta elements have been reported in many other yeast studies, in 
particular, to stabilize dicentric chromosomes (Lemoine et al., 2005; Mieczkowski et al., 
2006; Narayanan et al., 2006; Pennaneach and Kolodner, 2009; Surosky and Tye, 
1985; VanHulle et al., 2007). It is generally assumed that recombination between 
dispersed repeats to form a non-reciprocal translocation occurs by break-induced 
replication (BIR). However, we have found the rfa1-t33 mutant to be profoundly 
defective for BIR suggesting a different mechanism is responsible (P. Ruff and L.S.S., 
unpublished data). Interestingly, rearrangements involving Ty elements have been 
reported in rad51Δ mutants and assumed to result from a Rad51-independent BIR 
mechanism (VanHulle et al., 2007). Another possible mechanism to form a translocation 
is by strand annealing between resected repeated sequences at spontaneous DSBs. 
The frequency of spontaneous DSBs is increased in rad51Δ and rfa1 hypomorphic 
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mutants (Alvaro et al., 2007; Chen and Kolodner, 1999; Sonoda et al., 1998), and rfa1 
mutants are promiscuous for DSB repair events that require strand annealing (Deng et 
al., 2015; Smith and Rothstein, 1999). If a broken dicentric chromosome was present at 
the same time as a spontaneous DSB on another chromosome in a G2 phase cell, a 
viable product could be recovered in one daughter cell from patching together the two 
broken chromosomes. Although we found a high frequency of GCRs in the rfa1-t33 
sae2Δ and rfa1-t33 mre11-H125N mutants this frequency is likely to be an 
underestimate of the global genome instability in these cells because we only detect 
events occurring in a ~30 kb region of Ch V and many of the secondary recombination 
events would not generate a viable product. 
An alternative model for the observed Ty-mediated stabilization of palindromic 
duplications is a template switch model. In this model, the short inverted repeat 
sequence primes replication towards the centromere in a manner similar to BIR. Upon 
reaching the tRNA or Ty-1 sequence the replication fork collapses and re-anneals at 
another Ty/LTR element (Long terminal repeats, also called δ-element) present in the 
genome. This model has been proposed for rare inversion duplications observed in a 
modified GCR assay containing a G-quadraplex motif in wild type cells (Yadav et al., 
2014).  
The fragile-site model suggests that breakage is nonrandom and certain regions 
of the genome are more prone to replication-associated breakage (Cha and Kleckner, 
2002). Gross chromosomal rearrangement breakpoints are often mapped to Ty/δ 
elements or tRNAs, suggesting that these genomic regions could be commonly 
associated with replication fork breakage (Casper et al., 2009; Di Rienzi et al., 2009; 
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Lemoine et al., 2005). How the mere presence of flanking LTRs acting as direct repeats 
or multiple copies of Ty elements inserted in tandem and inverted orientations 
contribute to this fragility is unclear. However, template switching is more prevalent 
during the first 10 kb of D-loop synthesis (Smith et al., 2007) and ura3-52 is located 
more than 70 kb away from break point. Also, as mentioned previously, rfa1 mutants 
are defective for BIR. Therefore, we are not in favor of this model but we cannot exclude 
the possibility at this time.    
5.13 Ty elements mediate diverse rearrangements 
Homologous recombination between dispersed repeated sequences at non-allelic 
positions can generate gross chromosomal rearrangements. Ty elements, yeast 
transposable elements, are abundantly dispersed and represent about 3% of the total 
genome. There are five classes of Ty elements with Ty1 (32 copies) and Ty2 (13 
copies) being most abundant. A full length Ty element is ~6 kb (includes two LTRs, 
each ~330 bp long). Frequently, solo LTRs are left behind after Ty element excision, 
possibly through direct repeat recombination between the flanking LTRs. Ty elements 
are commonly associated with inversion, deletions, and nonreciprocal translocations 
(Mieczkowski et al., 2006). Closely spaces Ty/δ elements can simulate recombination 
(Casper et al., 2009). Treatment of cells with ionizing radiation results in extensive DSB 
formation and survivors harbor extensive chromosome aberrations. Interestingly, 
molecular analysis of chromosomes revealed that nearly all of the rearrangements 
resulted from HR between non-allelic Ty elements (Argueso et al., 2008). Furthermore, 
closely spaced LTRs can lead to the formation of dicentric and acentric chromosomes 
via a replication-based, DSB-independent, mechanism (Paek et al., 2009).   
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 In a modified GCR assay, the URA3 marker is inserted closer to the telomere 
with the open reading frame oriented towards the telomere (Putnam et al., 2009; 
Putnam et al., 2014). In this system, inversion duplication, up to ura3-52, is followed by 
reinvasion into the distal URA3 locus to mediate secondary rearrangements, copying 
out to the telomere. Despite the abundance and longer homology length of the Ty 
element, many of the palindromic duplications were stabilized by reinvasion of into 
URA3. One possibility is that URA3 invasion is into an intact sister chromatid or 
because the broken end is in close proximity. Sequence donor for HR is typically the 
sister chromosome because of proximity and cohesion. How donors are chosen 
(especially when many are present) or controlled in the cell is unclear.  
In the work described here, we observed that recombination between repeated 
sequences (Ty or tRNA) was important for stabilizing the palindromic duplications. 
Repetitive elements have previously been shown to facilitate GCR (Chan and Kolodner, 
2011; Putnam et al., 2009). Whether the mechanism behind this homology driven event 
is SSA, BIR or half-crossovers is currently unknown. The simplest explanation is BIR, 
however Ty mediated non-reciprocal translocations are have been described to be 
POL32-independent and multiple studies have shown POL32 is essential for BIR 
(Putnam et al., 2009).  
5.14 Palindromic duplications without telomeres are dynamic 
A significant fraction of inversion duplications identified from sae2Δ and mre11-
H125N GCR clones did not contain a secondary recombination event to acquire a 
telomere. PFGE analysis indicated a smear of products that hybridized to the Ch V-
specific probe suggesting that the size of Ch V remains dynamic and variable. Passage 
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of a single class II inversion duplication clone and isolation of single colonies confirmed 
that the Ch V remains unstable through many generations but some single colonies 
isolated did stabilize to form a discrete-sized Ch V (data not shown). The chromosome 
end may be protecting essential genes by formation of palindromes, as reported 
previously for survival of recombination and telomerase defective cells (Maringele and 
Lydall, 2004), and some of these may eventually be stabilized by de novo telomere 
addition. An alternative end protection mechanism observed in yeast cells after GCR is 
chromosome circularization (Pennaneach and Kolodner, 2009). Neither mre11-H125N 
nor sae2Δ exhibit a defect in telomere length or end protection however one end of Ch 
V is already telomere free because of dynamic rearrangement (Kim et al., 2008; Moreau 
et al., 1999). Therefore if the right arm of Ch V undergoes DSB or telomere erosion, the 
chromosome can circularize and to stabilize the rearrangement.  
5.15 Short inverted repeats mediate palindromic duplications 
Short inverted repeats were identified by DNA sequencing at the breakpoints of 
the palindromic duplications characterized in sae2Δ GCR clones. The inverted repeats 
vary in size from 5 up to 9 bases with 1-2 base mismatches and are separated by 2-12 
basepair spacers. Four of the 12 breakpoints sequenced utilized the same sequence, 
which is the longest if the two mismatches are included, whereas the others are unique. 
The spacers for most of the clones sequenced were 3-6 bases long, although one had a 
12 base spacer. All of the palindromic junctions analyzed from sae2Δ and rad50Δ 
mutants in a previous study were formed at inverted repeats of 4-6 bases separated by 
2-8 base spacers (Rattray et al., 2005). In contrast, the breakpoints of inverted 
duplications from tel1Δ mutants had inverted repeats of similar sizes to those identified 
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in this study, but with longer spacers (25-44 bases) (Putnam et al., 2014).  We 
speculate that Mre11 and Sae2 recognize and/or cleave foldbacks with short spacers; 
perhaps other structure-selective nucleases regulated by Tel1 can cleave long spacers.   
 Based on the properties of Mre11, Sae2 and RPAt33, an intrastrand annealing 
model is a logical mechanism to explain the palindromic duplication rearrangements. It 
is unlikely that inversion duplications are created by MMEJ between replicated broken 
sister chromosomes (Figure 1-6) because MMEJ occurs at a high frequency in the rfa1-
t33 mutant (Deng et al., 2014), yet we do not observe inversion duplications in this 
mutant. Furthermore, an MMEJ mechanism would not explain why palindromic 
duplications are preferentially recovered from sae2Δ and mre11-H125N mutants. We 
argue that it is the hairpin opening activity of Mre11 and Sae2 that contributes to the 
formation of inversion duplications.  
5.16 Nucleases that cleave hairpin capped ends 
 Whether hairpin opening is catalyzed by the Mre11 nuclease in a reaction 
stimulated by Sae2, or by the Sae2 endonuclease activity is currently unknown 
(Cannavo and Cejka, 2014; Lengsfeld et al., 2007). In vitro Mre11 hairpin opening 
activity minimally requires Rad50, Mn2+ and ATP. This DNA hairpin cleavage occurs at 
the junction of the duplex within the 3’ ssDNA. Interestingly, the cleavage position of a 
fully paired hairpin or with a 30 bp homopolymeric loop was structurally identical. The 
cleavage efficiency of the two substrates is comparable (Trujillo and Sung, 2001). 
Biochemically, Sae2 was reported to exhibit ssDNA endonuclease activity stimulated by 
a hairpin-capped end but cleavage occurred only at the ssDNA region adjacent to the 
hairpin (Lengsfeld et al., 2007). Considering that MR is sufficient for hairpin cleavage, it 
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is not surprising that no synergy in hairpin cleavage was found when Sae2 was 
combined with MRX (Cannavo and Cejka, 2014). These observations are in discord 
with observations in vivo in which sae2 null or mre11-nuclease defective mutants are 
uniformly impaired for hairpin opening activities. The way in which Sae2 stimulates MRX 
at hairpins in vivo is unknown, though one possibility is as a result of an interaction with 
Xrs2 or Mre11. Since Mre11 encodes the nuclease activity, it would be more 
straightforward to test if Xrs2 is necessary. SbcDC, the E. coli homolog, does not 
require additional accessary factors for palindrome cleavage (Eykelenboom et al., 2008). 
It would be interesting to determine if MR alone could also stimulate hairpin-opening 
activity in vivo and if this activity is Sae2-dependent.  
 Artemis and DNA-PKcs, present only in vertebrates, together have structure-
specific nuclease activity. Artemis cleaves RAG-recombinase generated hairpin 
intermediates during V(D)J recombination and can also process DNA ends prior to 
ligation in a subset of C-NHEJ repair events. DNA-PKcs, a serine/threonine protein 
kinase, phosphorylates Artemis to activate its endonuclease activity. Artemis possesses 
5’ and 3’ endonucleolytic activity at ssDNA overhangs and can nick the DNA hairpin at 
the tip out (Ma et al., 2002; Ma et al., 2005) Mutations in Artemis have been identified to 
cause human SCID (Moshous et al., 2001). It would be interesting to determine if 
palindromic duplications accumulate when Artemis is dysfunctional. This could be a 
resection-independent mechanism for the generating large inverted duplications in the 
context of C-NHEJ that can occur during all phases of the cell cycle. 
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5.17 CtIP mouse models and cell lines 
 The analysis of CtIP deficiency has been hindered by the embryonic lethality of 
CtIP knockout mice (Chen et al., 2005b). In cell lines, CtIP-loss activates constitutive 
DNA damage signaling and may be related to a requirement for CtIP during replication 
stress (Polato et al., 2014; Yeo et al., 2014). Interestingly, CtIP+/- heterozygotes have a 
shortened life span and develop multiple tumors, predominantly lymphomas. Whether 
the tumors bear gross chromosomal rearrangements is unknown, but tumors stain 
positive for CtIP expression confirming that one copy of CtIP is present but insufficient 
(Chen et al., 2005b). If rearrangements were detected, it would be of interest to 
determine if they are mediated by microhomologies and if inverted duplications are 
detected since Sae2 influences the formation of both types of rearrangements in yeast. 
Although CtIP is not a commonly mutated gene in cancer samples, CtIP 
haploinsufficiency indicates that even a temporary depletion elevates genome instability 
and could be sufficient to facilitate the generation of an initiating cancerous precursor. 
5.18 tRNAs mediate rearrangements 
 Repetitive elements inserted throughout the genome as a result of transposon 
jumping and have been demonstrated to mediate translocations (Mieczkowski et al., 
2006; Paek et al., 2009; Umezu et al., 2002). tRNAs are also abundant repetitive 
sequences with 274 tRNA sequences encoded in the yeast genome. tRNAs act as 
adapter molecules between the amino acid and mRNA sequence to mediate protein 
translation by the ribosome. Highly transcribed tRNA genes could impair replication and 
act as replication fragile sites (Admire et al., 2006).  Rearrangements mediated by tRNA 
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are rarely observed and may be limited by its short length of homology (relative to Ty 
and δ elements).  
Chromosomal evolution analysis in S. cerevisiae and closely related yeast species 
predicts that chromosomal rearrangements mediated by tRNA or Ty elements via 
ectopic recombination could lead to speciation (Fischer et al., 2000). This suggests that 
tRNA mediated rearrangements are rare. Here we identify a tRNA-mediated 
rearrangement in one GCR event recovered from rfa1-t33 sae2Δ mutant. tRNAs would 
be expected to mediate rearrangements because of their abundance and high 
sequence homology but are rarely observed. Transposable elements have a preference 
for insertion adjacent to tRNAs. The abundance of nearby Ty and delta element, with 
longer tracts of homology and higher copy number is one possibility for the low 
frequency of tRNA-mediated events. It would be of interest to determine whether 
removal of the Ty-1 element present in ura3 would increase the frequency of tRNA-
mediated GCR events. 
5.19 Gene amplification and aneuploidy 
Gene amplification destabilizes the copy number homeostasis within a cell. While 
the total number of chromosomes may remain unchanged, gene amplification increases 
the expression of a (sometimes large) genomic region. In addition to cancer, gene 
amplification is observed in human genetic diseases. Down syndrome, a human genetic 
disorder, is associated with presence of a partial or full third copy of chromosome 21. A 
subset of Down syndrome cases is associated with partial translocation of chromosome 
21, typically to chromosome 14. Changes to copy number in small genomic region can 
have a significant impact on disease and prognosis. In yeast cells, aneuploidy drives 
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genomic instability and confers a proliferative disadvantage (Sheltzer et al., 2011; 
Torres et al., 2007). The amplified genetic content identified in our study is in the range 
of 100-500 kb of DNA. Large genomic amplification, without change to karyotype might 
similarly mimic aneuploidy. It would be interesting to determine if large segmental 
chromosome gains put the same biological pressures and stresses imposed by 
aneuploidy. 
5.20 Pathological RPA  
 Cancer cells often harbor extensive chromosomal rearrangements. The RPA 
mutant mouse model demonstrates defective RPA is pathological, resulting in 
chromosomal rearrangements, cancer formation and progression. Human cancers 
associated mutations with RPA are rare, probably because of its essential functions. 
Deep-whole genome sequencing and copy number variation (CNV) analysis has lead to 
the identification a complex mutational landscape and RPA1 mutations in pancreatic 
cancers(Waddell et al., 2015). Pancreatic cancers uniquely contain an unusually large 
number of inverted duplications. We speculate that RPA deficiency contributes to the 
genomic instability in tumor cells through stabilization of secondary DNA structures, 
such as DNA foldbacks. 
Aside from mutations in RPA resulting in cancer, an equally likely physiological 
phenomenon may be RPA-exhaustion. ATR-deficient human cells experience 
unscheduled origin firing under replication stress. Simultaneous nucleus-wide breakage 
of stalled replication forks results in replication catastrophe and generates excess 
ssDNA intermediates thereby exhausting the pool of RPA. Expansion of the available 
RPA pool was able to delay this replication catastrophe (Toledo et al., 2013). RPA 
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exhaustion and massive genome shattering could generate the precursors for 
chromothripsis, which has been identified in cancers (Stephens et al., 2011). The 
factors involved in the physical breakage of DNA are unknown, MRX-Sae2 is an 
attractive candidate from its role in cleaving DNA foldback structures formed in regions 
of ssDNA (Rattray et al., 2005). It would be of interest to determine if a temporary 
depletion of RPA would lead to rearrangements mediated by annealing between 
exposed microhomologies. 
5.21  Concluding remarks  
The results presented here provide strong evidence for RPA’s role in promoting 
error-free repair by preventing annealing between short repeated sequences. 
Promiscuous interstrand annealing promotes mutagenic MMEJ giving rise to 
chromosomal deletions and translocations. Hairpin formation by intrastrand annealing 
between short inverted repeats can lead to the formation of large palindromic 
duplications (Figure 5-1). Like members of a relay team, RPA is one of many 
participants and never operates in isolation. Rad51 and Rad52 accept RPA-bound 
ssDNA to promote conservative homology directed repair. Likewise, MRX and Sae2 
cleave DNA-hairpin structures as an additional line of defense against palindromic gene 
amplification. Dysfunctional RPA leads to unscheduled annealing that destabilizes the 
genome by promoting the usage of mutagenic DSB repair pathways. These results 
demonstrate RPA plays a vital role in preventing deletions, translocations and large 
chromosomal rearrangements to preserve genomic integrity. 
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